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ABSTRACT
Diffusion rates of 237Np(V), 3H, and 22Na through Na‐montmorillonite were studied under
variable dry bulk density and temperature. Distribution coefficients were extrapolated for
conservative tracers. Two sampling methods were implemented, and effects of each sampling
method were compared. The first focused on an exchange of the lower concentration reservoir
frequently while the second kept the lower concentration reservoir consistent. In both sampling
methods, tritium diffusion coefficients decreased with an increase in dry bulk density and
increased with an increase in temperature. Sodium diffusion rates followed the same trends as
tritium with the exception of sorption phenomena.

Modeling the accumulated activity

breakthrough in the effluent revealed small amounts of sorption for sodium diffusion. Neptunium
diffusion rates from effluent analysis were also generally shown to decrease with an increase in
dry bulk density at all temperatures. Because 237Np(V) adsorbs onto the montmorillonite surface,
little breakthrough was observed in the effluent with the exception of the lower dry bulk densities
of 1.15 and 1.30 g∙cm‐3. Effluent data was modeled and effective diffusion coefficients and Kd
values were extracted. An increase in neptunium sorption was observed at an increase in
elevated temperature. Likewise, an increase in diffusion rates with an increase in temperature
was also seen. Concentration profile analysis was performed qualitatively. It was determined
that presently published analytical solutions to the diffusion equation cannot encompass all
conditions in this study. Further analysis using a commercial modeling software such as COMSOL
is required to extrapolate diffusion and distribution coefficients for sorbing species. The trends
in the concentration profiles showed a decrease in the transport of neptunium with an increase
in dry bulk density and temperature. No firm conclusions about sorption can currently be drawn
without proper modeling of the concentration profiles. Future work should focus on further

ii

optimization of sampling method two as well as experimental setup, including a lower ionic
strength to stop corrosion production.

Although concentration profile analysis proved

inconclusive, effluent analysis from the lower dry bulk densities is promising in predicting diffusion
and sorption trends.

iii

ACKNOWLEDGMENTS
First, I would like to thank my advisor, Dr. Brian Powell of the Environmental Engineering
and Earth Sciences Department at Clemson University. I came to Dr. Powell as an undergraduate
chemistry major interested in geochemistry but unsure of what to do with my degree. He allowed
me to gain experience in his environmental radiochemistry lab which eventually led me to the
graduate school. Without his constant advising, I would not have been able to complete this
thesis. I would also like to thank my other committee members Dr. Mark Schlautman and Dr.
Lindsay Shuller‐Nickles for providing assistance in my research and other graduate school
activities. Finally, I would like to acknowledge my friends and family for their constant support
throughout this process. My wonderful parents and amazing friends kept me sane during
graduate school.

iv

TABLE OF CONTENTS
PAGE

ABSTRACT ..................................................................................................................................... ii
ACKNOWLEDGMENTS ................................................................................................................. iv
LIST OF FIGURES ......................................................................................................................... vii
LIST OF TABLES .......................................................................................................................... xiv
1. INTRODUCTION ........................................................................................................................ 1
2. BACKGROUND .......................................................................................................................... 4
2.1 NEPTUNIUM CHARACTERISTICS ......................................................................................... 5
2.2 237NEPTUNIUM(V) ADSORPTION ........................................................................................ 8
2.3 BENTONITE STRUCTURE AND PROPERTIES ...................................................................... 12
2.4 MOLECULAR DIFFUSION ................................................................................................... 13
3. OBJECTIVES, HYPOTHESIS, MATERIALS, AND METHODS ....................................................... 17
3.1 RESEARCH OBJECTIVES ..................................................................................................... 17
3.2 RESEARCH HYPOTHESIS .................................................................................................... 17
3.3 EXPERIMENTAL DESIGN .................................................................................................... 18
3.4 SAMPLE ANALYSIS AND DATA PROCESSING ..................................................................... 25
4. RESULTS .................................................................................................................................. 35
4.1 TRITIUM THROUGH‐DIFFUSION ....................................................................................... 36
4.2 SODIUM DIFFUSION ......................................................................................................... 42
4.3 NEPTUNIUM DIFFUSION ................................................................................................... 44
4.4 NEPTUNIUM CONCENTRATION PROFILES ........................................................................ 48
5. DISCUSSION ............................................................................................................................ 53
5.1 SAMPLING METHOD ONE‐INFLUENCE OF DRY BULK DENSITY AT 25 AND 50 °C ............. 53
5.2 SAMPLING METHOD TWO‐INFLUENCE OF TEMPERATURE .............................................. 60
5.3 COMPARISON OF SAMPLING METHODS AND RESULTING COMPLICATIONS .................. 68
5.4 MASS BALANCES ............................................................................................................... 72
6. CONCLUSION .......................................................................................................................... 79
6.1 FUTURE WORK .................................................................................................................. 80

v

TABLE OF CONTENTS (CONTINUED)
PAGE

7. APPENDICES ............................................................................................................................ 84
APPENDIX I: ADDITIONAL MASS BALANCES ........................................................................... 85
APPENDIX II: ADDITIONAL IMAGES ........................................................................................ 92
8. REFERENCES ......................................................................................................................... 106

vi

LIST OF FIGURES
FIGURE

PAGE

Figure 1. Temperature profile of the studied Yucca Mountain Repository (Rao, 2007). ............. 3
Figure 2. Evolution of activity in spent fuel over time (Bruno & Ewing, 2006). ........................... 4
Figure 3. Solubility and speciation of NpO2OH (Hinz, 2015). Note the pe‐pH range of well
waters from the Yucca Mountain site are approximately pe=2‐8 and pH=6‐7.5.
Thus, NpO2+ is expected to be the dominant oxidation state under most
conditions (Silva & Nitsche, 1995). .................................................................................. 6
Figure 4. Batch sorption data of Np(V) at variable temperature. A. Data with 0.01 M NaCl.
B. Data with 1.0 M NaCl (Wong, et al., 2017).................................................................. 8
Figure 5. Batch sorption data at variable ionic strength. A. Data at 25 °C. B. Data at 50 °C
(Wong, et al., 2017). ...................................................................................................... 10
Figure 6. XANES spectrum of Np(V) adsorption to montmorillonite at pH 8 for both 1.0
and 0.01 M NaCl compared to a reference spectrum for Np(IV) adsorption (Wong,
et al., 2017). ................................................................................................................... 11
Figure 7. T‐O‐T structure of montmorillonite (Brockman, 2006). .............................................. 13
Figure 8. Conceptual representation of diffusion pathways in a porous solid.

Vv1

represents an interconnected void. Vv2 and Vv3 represent dead end voids. Vv4
represents an occluded void (Shackelford, 2013). ........................................................ 15
Figure 9. Schematic representation of the diffusion cell. 1A. Sample chamber. 1B. Top
and bottom "T‐Shaped" ends. 1C. Bolt holes. ............................................................... 18
Figure 10. Schematic representation of diffusion experimental setup. The high
concentration reservoir (HCR) and tubing lines are blue, and the low
concentration reservoir (LCR) and tubing lines are red. ............................................... 22
Figure 11. Experimental setup at A. 25 °C and B. 50 °C. The arrow in B indicates the drilled
hole in the side of the oven for the tubing to enter. .................................................... 23
Figure 12. Extrusion device for cutting clay plug into thin slices. .............................................. 29

vii

LIST OF FIGURES (CONTINUED)
FIGURE

PAGE

Figure 13. Tritium Diffusion for 25 °C using sampling method I. A. Accumulated activity
and flux of tritium at a theoretical dry bulk density of 1.15 g∙cm‐3. B. Accumulated
activity and flux of tritium at a theoretical dry bulk density of 1.30 g∙cm‐3. C.
Accumulated activity and flux of tritium at a theoretical dry bulk density of 1.45
g∙cm‐3. ............................................................................................................................ 37
Figure 14. Accumulated Activity (AA) and Flux of tritium at 50 °C for sampling method I.
AA model fit 1 and flux model fit 1 represents fitting of data using entire data set.
AA model fit 2 and flux model fit 2 represents fitting initial breakthrough of
tritium. A. Cell 1 has a theoretical dry bulk density of 1.15 g∙cm‐3. B. Cell 2 has a
theoretical dry bulk density of 1.30 g∙cm‐3. C. Cell 3 has a theoretical dry bulk
density of 1.45 g∙cm‐3. D. Cell 4 has a theoretical dry bulk density of 1.60 g∙cm‐3.
No model could be fit to this data due to the low levels of tritium breakthrough. ...... 39
Figure 15. Tritium accumulated activity and flux at 25 and 50 °C using sampling method II.
All cells have a theoretical dry bulk density of 1.30 g∙cm‐3. A. Cell 1 effluent data
at 25 °C. B. Cell 2 effluent data at 25 °C. C. Cell 3 effluent data at 50 °C. .................... 41
Figure 16. Accumulated activity and flux of

22

Na at 1.30 g∙cm‐3 dry bulk density for

sampling method II. The accumulated activity was modeled as sorbing (solid
black line) and non‐sorbing (dashed line). The corresponding modeled flux was
plotted as sorbing (small dotted line) and non‐sorbing (dotted and dashed line)
A. Cell 1 sodium accumulated activity and flux at 25 °C. B. Cell 2 accumulated
activity and flux at 25 °C. C. Cell 3 sodium accumulated activity and flux at 50 °C.
D. Cell 4 sodium accumulated activity and flux at 50 °C. .............................................. 43
Figure 17. Neptunium(V) accumulated activity and flux at 25 °C for sampling method I. A.
Cell 1 effluent data at 1.15 g∙cm‐3. B. Cell 2 effluent data at 1.30 g∙cm‐3. No
breakthrough occurred for Cell 3 and Cell 4. ................................................................ 45

viii

LIST OF FIGURES (CONTINUED)
FIGURE

PAGE

Figure 18. Neptunium(V) accumulated activity and flux at 50 °C using sampling method I.
A. Cell 1 effluent data at 1.15 g∙cm‐3. B. Cell 2 effluent data at 1.30 g∙cm‐3. No
breakthrough occurred for Cell 3 and Cell 4. Only Cell 1 had a significant amount
of breakthrough that could be modeled. ...................................................................... 46
Figure 19. Np(V) accumulated activity and flux at a dry bulk density of 1.30 g∙cm‐3 under
both 25 and 50 °C using sampling method II. Only the data in C had significant
breakthrough. A. Cell 1 at 25 °C. B. Cell 2 at 25 °C. C. Cell 3 at 50 °C. D. Cell 4 at
50 °C. ............................................................................................................................. 47
Figure 20. Concentration profiles of Np(V) at 25 °C using sampling method I. Data was fit
using the Van Loon model presented in equation 18. A. Cell 1 profile with a dry
bulk density of 1.15 g∙cm‐3. Effluent constants also plotted using the Van Loon
equation.

B. Cell 2 profile with a dry bulk density of 1.30 g∙cm‐3. Effluent

constants also plotted using the Van Loon equation. C. Cell 3 profile with a dry
bulk density of 1.45 g∙cm‐3. D. Cell 4 profile with a dry bulk density of 1.60 g∙cm‐3.
....................................................................................................................................... 49
Figure 21. Np(V) concentration profiles at 50 °C using sampling method I. Experimental
data was fit using the Van Loon model. A. Cell 1 profile with a dry bulk density of
1.15 g∙cm‐3. The effluent constants for this cell were plotted using the Van Loon
equation. B. Cell 2 profile with a dry bulk density of 1.30 g∙cm‐3. C. Cell 3 profile
with a dry bulk density of 1.45 g∙cm‐3. D. Cell 4 profile with a dry bulk density of
1.60 g∙cm‐3. .................................................................................................................... 50
Figure 22. Np(V) concentration profiles at 25 and 50 °C using sampling method II. All cells
have a theoretical dry bulk density of 1.30 g∙cm‐3. A. Cell 1 profile at 25 °C. B. Cell
2 profile at 25 °C. C. Cell 3 profile at 50 °C. The effluent constants for this cell
were plotted using the Van Loon equation. .................................................................. 51
Figure 23. Autoradiography image of cell 3 with a theoretical dry bulk density of 1.45 g∙cm‐
3

at 25 °C. A. Image of plate with thin slices. B. Image of film after exposure to

thin slices. ...................................................................................................................... 52
ix

LIST OF FIGURES (CONTINUED)
FIGURE

PAGE

Figure 24. Comparison of tritium effective diffusion coefficients with respect to
experimental dry bulk density for sampling method I. Constants are at both 25
and 50 °C. The 50 °C data have two diffusion coefficients plotted, one fitted for
the entire data set and one for the initial breakthrough. No constants could be
extrapolated for cell 4 for both data sets because of low levels of breakthrough. ...... 53
Figure 25. A) Effective diffusion coefficients from effluent analysis for Np(V) using
sampling method one. B) Distribution coefficients from effluent analysis using
sampling method one.................................................................................................... 56
Figure 26. Schematic of diffusion at the end of an experiment with and without the effects
of the filter considered.

A. At a constant time, C0 represents the initial

concentration in the high concentration reservoir, and the concentration profile
of neptunium in the clay. B. The concentration in the high concentration reservoir
and the concentration profile of neptunium in the clay. Here, the concentration
in the clay is lower than in A due to the impact of the filter in B. ................................ 58
Figure 27. Concentration profiles using sampling method two at both A) 25 °C and B) 50
°C. Each cell is labeled with the experimental dry bulk density for more accurate
trend comparisons. ....................................................................................................... 59
Figure 28. Tritium effective diffusion coefficients for cells 1, 2, and 3 using sampling
method two at variable temperatures. ......................................................................... 61
Figure 30. Tritium accumulated activity for cells 1, 2, and 3 using sampling method two at
variable temperature. ................................................................................................... 62
Figure 30.A. Autoradiography film exposed to filter as well as piece of thin clay slice. B.
Filter from cell 4 at 50 °C using sampling method II. .................................................... 62
Figure 31. Sodium effective diffusion coefficients for cells 1, 2, and 3 using sampling
method two. .................................................................................................................. 64
Figure 32. Sodium accumulated activity for third data set at variable temperature using
sampling method two. .................................................................................................. 65

x

LIST OF FIGURES (CONTINUED)
FIGURE

PAGE

Figure 33. Comparison of tritium, sodium, and neptunium diffusion in Cell 1 at 25 °C for
sampling method II. ....................................................................................................... 66
Figure 34. Neptunium concentration profile fitting analysis for cell 1 of data set three at
25 °C using sampling method two. A. Varying initial concentrations were fit based
on the neptunium concentrations measured in the HCR over time.

B.

Extrapolated effective diffusion coefficients for each fit with a varying C0 value. ....... 68
Figure 35. Evolution of effective diffusion coefficients over time for 1.30 g∙cm‐3 at 25 °C
using sampling method I. .............................................................................................. 70
Figure 36. A. Tritium HCR and LCR concentrations over time for cell 2 at a theoretical dry
bulk density of 1.30 g∙cm‐3 for 25 °C using sampling method one. B. Tritium HCR
and LCR concentrations over time for cell 1 at a theoretical dry bulk density of
1.30 g∙cm‐3 for 25 °C using sampling method two. ....................................................... 71
Figure 37. Cell 4 T‐shaped high concentration inlet at 50 °C using sampling method II. ........... 75
Figure 38. A. Filter prior to extraction from 50 °C sample using sampling method one with
corrosion product formation. B. Filter with corrosion from 25 °C experiment. ........... 76
Figure 39. Tritium (A) and neptunium(V) (B) concentrations in source reservoir over time
at 25°C using sampling method one.............................................................................. 92
Figure 40. Tritium (A) and Neptunium (B) concentrations of source reservoir over time for
50°C for sampling method one...................................................................................... 93
Figure 41. Sodium (A), Tritium (B), and Neptunium(C) high concentration reservoir over
time at 25 and 50 °C for sampling method two. ........................................................... 94
Figure 42. Neptunium High Concentration Reservoir (HCR) and Low Concentration
Reservoir (LCR) measurements via ICP‐MS plotted over the duration of the
experiment. Data is for cell 1 with a theoretical dry bulk density of 1.15 g∙cm‐3 at
25 °C using sampling method one. ................................................................................ 95

xi

LIST OF FIGURES (CONTINUED)
FIGURE

PAGE

Figure 43. Neptunium High Concentration Reservoir (HCR) and Low Concentration
Reservoir (LCR) measurements via ICP‐MS plotted over the duration of the
experiment. Data is for cell 2 with a theoretical dry bulk density of 1.30 g∙cm‐3 at
25 °C using sampling method 1. .................................................................................... 95
Figure 44. Neptunium HCR and LCR concentrations over the duration of the experiment.
Data is for cell 1 with a theoretical dry bulk density of 1.15 g∙cm‐3 at 50 °C using
sampling method one.................................................................................................... 96
Figure 45. Neptunium HCR and LCR concentrations over the duration of the experiment.
Data is for cell 2 with a theoretical dry bulk density of 1.3 g∙cm‐3 at 50 °C using
sampling method one.................................................................................................... 97
Figure 46. Neptunium HCR and LCR concentrations over the duration of the experiment.
Data is for cell 3 with a theoretical dry bulk density of 1.45 g∙cm‐3 at 50 °C using
sampling method one.................................................................................................... 97
Figure 47. Neptunium HCR and LCR concentrations over the duration of the experiment.
Data is for cell 4 with a theoretical dry bulk density of 1.60 g∙cm‐3 at 50 °C using
sampling method one.................................................................................................... 98
Figure 48. Neptunium HCR and LCR concentrations over the duration of the experiment.
Data is for cell 1 with a theoretical dry bulk density of 1.30 g∙cm‐3 at 25 °C using
sampling method two. .................................................................................................. 98
Figure 49. Neptunium HCR and LCR concentrations over the duration of the experiment.
Data is for cell 2 with a theoretical dry bulk density of 1.30 g∙cm‐3 at 25 °C using
sampling method two. .................................................................................................. 99
Figure 50. Neptunium HCR and LCR concentrations over the duration of the experiment.
Data is for cell 3 with a theoretical dry bulk density of 1.30 g∙cm‐3 at 50 °C using
sampling method two. .................................................................................................. 99
Figure 51. Tritium HCR and LCR concentrations over time for cell 1 at a theoretical dry
bulk density of 1.15 g∙cm‐3 for 25 °C using sampling method one. ............................. 100

xii

LIST OF FIGURES (CONTINUED)
FIGURE

PAGE

Figure 52. Tritium HCR and LCR concentrations over time for cell 3 at a theoretical dry
bulk density of 1.45 g∙cm‐3 for 25 °C using sampling method one. ............................. 101
Figure 53. Tritium HCR and LCR concentrations over time for cell 1 at a theoretical dry
bulk density of 1.15 g∙cm‐3 for 50 °C using sampling method one. ............................. 101
Figure 54. Tritium HCR and LCR concentrations over time for cell 2 at a theoretical dry
bulk density of 1.30 g∙cm‐3 for 50 °C using sampling method one. ............................. 102
Figure 55. Tritium HCR and LCR concentrations over time for cell 3 at a theoretical dry
bulk density of 1.45 g∙cm‐3 for 50 °C using sampling method one. ............................. 102
Figure 56. Tritium HCR and LCR concentrations over time for cell 4 at a theoretical dry
bulk density of 1.60 g∙cm‐3 for 50 °C using sampling method one. ............................. 103
Figure 57. Tritium HCR and LCR concentrations over time for cell 2 at a theoretical dry
bulk density of 1.30 g∙cm‐3 for 25 °C using sampling method two. ............................. 103
Figure 58. Tritium HCR and LCR concentrations over time for cell 3 at a theoretical dry
bulk density of 1.30 g∙cm‐3 for 50 °C using sampling method two. ............................. 104
Figure 59. Sodium HCR and LCR concentrations over time for cell 1 at a theoretical dry
bulk density of 1.30 g∙cm‐3 for 25 °C using sampling method two. ............................. 104
Figure 60. Sodium HCR and LCR concentrations over time for cell 2 at a theoretical dry
bulk density of 1.30 g∙cm‐3 for 25 °C using sampling method two. ............................. 105
Figure 61. Sodium HCR and LCR concentrations over time for cell 3 at a theoretical dry
bulk density of 1.30 g∙cm‐3 for 50 °C using sampling method two. ............................. 105

xiii

LIST OF TABLES
TABLE

PAGE

Table 1. Common tracer characteristics.
constants.

b

a

denotes value extrapolated from published

denotes values extrapolated from published constants. C All half‐life

and decay mode information from Chart of the Nuclides. ............................................. 7
Table 2. Range of swelling pressures (lbs) for each theoretical dry bulk density. ..................... 22
Table 3. Relative standard error for each parameter used to quantify De and α (Brockman,
2006).............................................................................................................................. 34
Table 4. Theoretical and calculated experimental dry bulk densities for each cell. Data set
1 is at 25 °C using sampling method one. Data set 2 is at 50 °C using sampling
method one. Data set 3 is at both 25 and 50 °C using sampling method two. ............ 36
Table 5. Tritium effective diffusion coefficients at 25 °C from effluent data using sampling
method I. No breakthrough occurred for cell 4, so no constants could be
extrapolated. ................................................................................................................. 38
Table 6. Effective and apparent diffusion coefficients for four different dry bulk densities
at 50 °C using sampling method I. *Indicates fit to first portion of breakthrough.
Cell 4 data did not have significant enough breakthrough, so no fitting data is
included. ........................................................................................................................ 40
Table 7. Tritium effective diffusion coefficients and porosities for 1.3 g∙cm‐3 theoretical
dry bulk density using sampling method II. *No data could be extrapolated for cell
4. .................................................................................................................................... 42
Table 8. Effective and apparent diffusion coefficients as well as distribution coefficients
for

22

Na at 1.30 g∙cm‐3 for sampling method II. *Indicates fit assuming weakly

sorbing conditions. Constants could not be derived for the highest dry bulk
density. +The inlet for cell 4 had a corrosion product blocking the inlet, so little to
no sodium entered this diffusion cell. ........................................................................... 44
Table 9. Diffusion and distribution coefficients and rock capacity factors for Np(V) effluent
at 25 °C and 50 °C using sampling method I.................................................................. 46

xiv

LIST OF TABLES (CONTINUED)
TABLE

PAGE

Table 10. Diffusion and distribution coefficients of Np(V) at 25 and 50 °C using sampling
method II for a dry bulk density of 1.30 g∙cm‐3. *No data could be extrapolated
for cell 4. ........................................................................................................................ 48
Table 11. Neptunium concentrations adsorbed onto filter adjacent to high concentration
reservoir inlet. ............................................................................................................... 52
Table 12. Neptunium percent recoveries from mass balance calculations. .............................. 73
Table 13. Np(V) masses leached off high concentration reservoir bottle for data run under
sampling method two. Mass also listed as a percent of the total Np(V) mass in
each system. .................................................................................................................. 77
Table 14. Sodium mass balance percent recoveries for each cell. ............................................. 78
Table 15. Tritium mass balance percent recoveries for all cells. ............................................... 78
Table 16. Neptunium mass balance for Cell 1 of Data set 1. ..................................................... 85
Table 17. Neptunium mass balance for Cell 2 of Data Set 1. ..................................................... 85
Table 18. Neptunium mass balance for Cell 3 of Data Set 1. ..................................................... 85
Table 19. Neptunium mass balance for Cell 4 of Data Set 1. ..................................................... 86
Table 20. Neptunium mass balance for Cell 1 of Data Set 2. ..................................................... 86
Table 21. Neptunium mass balance for Cell 2 of Data Set 2. ..................................................... 86
Table 22. Neptunium mass balance for Cell 3 of Data Set 2. ..................................................... 86
Table 23. Neptunium mass balance for Cell 4 of Data Set 2. ..................................................... 87
Table 24. Neptunium mass balance for Cell 1 of Data Set 3. ..................................................... 87
Table 25. Neptunium mass balance for Cell 2 of Data Set 3. ..................................................... 87
Table 26. Neptunium mass balance for Cell 3 of Data Set 3. ..................................................... 87
Table 27. Neptunium mass balance for Cell 4 of Data Set 3. ..................................................... 88
Table 28. Tritium activity balance for Cell 1 of Data Set 1. ........................................................ 88
Table 29. Tritium activity balance for Cell 2 of Data Set 1. ........................................................ 88
Table 30. Tritium activity balance for Cell 3 of Data Set 1. ........................................................ 88
Table 31. Tritium activity balance for Cell 4 of Data Set 1. ........................................................ 88
Table 32. Tritium activity balance for Cell 1 of Data Set 2. ........................................................ 89
xv

LIST OF TABLES (CONTINUED)
TABLES

PAGE

Table 33. Tritium activity balance for Cell 2 of Data Set 2. ........................................................ 89
Table 34. Tritium activity balance for Cell 3 of Data Set 2. ........................................................ 89
Table 35. Tritium activity balance for Cell 4 of Data Set 2. ........................................................ 89
Table 36. Tritium activity balance for Cell 1 of Data Set 3. ........................................................ 89
Table 37. Tritium activity balance for Cell 2 of Data Set 3. ........................................................ 90
Table 38. Tritium activity balance for Cell 3 of Data Set 3. ........................................................ 90
Table 39. Tritium activity balance for Cell 4 of Data Set 3. ........................................................ 90
Table 40. Sodium activity balance for Cell 1 of Data Set 3. ........................................................ 90
Table 41. Sodium activity balance for Cell 2 of Data Set 3. ........................................................ 90
Table 42. Sodium activity balance for Cell 3 of Data Set 3. ........................................................ 91
Table 43. Sodium activity balance for Cell 4 of Data Set 3. ........................................................ 91

xvi

1. INTRODUCTION
Nuclear waste is produced from both defense and commercial sources including nuclear
power generation and legacy waste. All sources leave behind substantial amounts of waste that
require disposal; the US alone is projected to produce 77,100 MTHM (Metric Ton of Heavy Metal,
1.3x1021 Bq) of commercial spent fuel by the year 2020 (Ahearne, 1997). There has been a
growing sense of urgency to determine a method of disposal for all types of nuclear waste. For
example, spent fuel is currently stored on site at the reactor facility, but these facilities are quickly
running out of space (Ahearne, 1997). Underground storage has been proposed as the safest
means of long term disposal by both the Academy of Sciences and the Blue Ribbon Commission
with a focus on deep geologic repositories (DGR) (Hess, 1957); (Gagarinskii, 2012). The Blue
Ribbon Commission recommended DGRs because the long‐term isolation would be the only way
to prevent re‐use of the waste if desired (Gagarinskii, 2012). While the isolation and potential
low‐permeability of many DGR designs are proposed to represent the safest method of disposal,
ensuring protection of human and environmental health during waste disposition requires a
detailed understanding of the coupled chemical, physical, and biological processes which may
facilitate the release of radionuclides from a facility. The only operating nuclear waste repository
in the world is the Waste Isolation Pilot Plant in Carlsbad, NM. This repository is for transuranic,
defense related waste and is in a salt deposit. Other geologic repositories (such as those in
Sweden, Finland, and France) are in testing and planning (Cherry, Alley, & Parker, 2014). With a
global inventory of 300,000 MTHM, it is imperative to understand how DGRs will retain the
nuclear waste over geologic times up to 1 million years (Ewing, 2015).

1

The long term stability of the geologic formation of a proposed DGR demonstrates the
structural integrity of the formation for housing nuclear waste for extended periods of time. DGRs
have been proposed in four major types of formations: granite, clay rock, volcanic tuff, and rock
salt. All of these geologic formations have been dated back to 12x106 to 3x109 years old, a long
enough time span to house long‐lived radionuclides in nuclear waste with half‐lives of hundreds
of thousands of years. Different countries utilize different types of these DGRs based on their
geological characteristics, thus making DGR characteristics vary in design. Several countries are
evaluating the viability of different repository designs and scenarios. However, no country in the
world has an open repository for spent nuclear fuel. As the amount of spent nuclear fuel increases
each year, there is a critical need to finalize a repository design and begin implementation.
Part of assessing the stability of a deep geologic repository is understanding the
mechanisms through which radioisotopes could leach out into the surrounding environment, and
since nuclear waste is often a mixture of different radionuclides, each individual component will
migrate differently through the environment. Nuclear waste often consists of fission products
such as 90Sr and 137Cs as well as long‐lived actinides such as 237Np and 241Am. Based on the half‐
lives of each radionuclide, after approximately 100 years of storage, the heat production from the
decay of radionuclides becomes dominated by the long‐lived actinides. Thus, performance
assessment models consider the stability of deep geological repositories all over the world to
exceed 100,000 years and some agencies are beginning to extend this time scale to approach
1,000,000 years—long enough for the radioactivity in spent fuel to decay to non‐hazardous levels
(Cherry, Alley, & Parker, 2014). The 10,000 year window represents the time since the previous
continental glaciation period occurred (Cherry, Alley, & Parker, 2014).

2

It is imperative to characterize the mechanisms of leaching and the mobility of these
radionuclides once failure of the disposal canister has occurred. Because the decay of the nuclear
waste results in an elevated temperature within the canister, water intrusion can corrode the
canister and allow radionuclides to leach into the surrounding environment. A simulation of the
temperature gradient from a used nuclear fuel repository in an oxic unsaturated environment
such as Yucca Mountain can be seen in Figure 1.

Temperature profile of the studied YM Repository

Figure 1. Temperature profile of the studied Yucca Mountain Repository (Rao, 2007).

Furthermore, this elevated temperature can induce a temperature gradient within the
surrounding environment which may impact the chemical speciation of the radionuclides and
potential migration mechanisms. In an effort to retain these radionuclides within the repositories,
all deep geologic repository designs incorporate an engineered multi‐barrier approach. A layer of
compacted clay such as a smectite has been proposed in most repository designs because it
provides hydraulic control due to the low permeability as well as sorption sites for leached
3

radionuclides. Several studies have been performed to understand the processes of mobility of
actinides and fission products through these compacted clay barriers, but few studies have been
performed at elevated temperatures. A mechanistic understanding of mobility at elevated
temperatures is crucial in order to evaluate the performance of the engineered clay barrier system
within a deep geological repository.

2. BACKGROUND
Spent nuclear fuel has a complex composition of fission and activation products,
transuranic isotopes, and other various heavy metals that constantly evolve overtime. Generally,
the fission products will decay away on the order of hundreds of years, leaving alpha emitting
actinides such as 237Np and 241Am to dominate the activity as seen in Figure 2 below.

Figure 2. Evolution of activity in spent fuel over time (Bruno & Ewing, 2006).

It is important to consider this continuous change in spent fuel composition because they
will have an effect on the repository conditions over time, particularly the temperature which will
be initially high (~80 °C). This is due to the continuous decay of radionuclides within the canister
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which induces elevated temperatures as well as a build‐up of pressure due to the formation of
helium from alpha decay (Ewing 2006). These phenomena could compromise the integrity of the
canister once deposited in a DGR, allowing the waste to potentially leach into the surrounding
environment. Indeed, the waste contains actinides that are generally not mobile under reducing
conditions. But if water intrusion comes in direct contact with the fuel, the water could undergo
radiolytic decomposition, producing oxidizing species. As a result, the actinides could oxidize and
form more extremely soluble stable complexes, increasing mobility (Ewing 2006). Geological
characteristics will also determine the mobility of these actinides if leaching were to occur.
Changes in ground water composition could arise due to glaciation or tectonic events. Likewise,
ground water flow rates could affect the dissolution rates as the fuel alters over time. Thus, it is
important to understand the chemical properties of actinides in order to understand their
mechanisms of mobility if exposure to the surrounding environment occurred.

2.1 NEPTUNIUM CHARACTERISTICS
Neptunium‐237 has been identified as a major actinide of concern for long term storage,
dominating the radioactivity emitted from the waste between 10,000 to 100,000 years of storage.
Under oxidizing conditions, this radionuclide exists mainly as Np(V). In this oxidation state, the
neptunium exists chemically as the NpO2+ ion which exhibits enhanced mobility characteristics
such as high solubility and low affinity for sorption to surfaces (Lin, 2003). A previous study on
the solubility of Np(V) quantified solubility products over a range of pH values from 7‐14 as shown
in Figure 3 (Neck, Kim, & Kanellakopulos, 1992) (Hinz, 2015).
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Figure 3. Solubility and speciation of NpO2OH (Hinz, 2015). Note the pe‐pH range of well waters from the Yucca
Mountain site are approximately pe=2‐8 and pH=6‐7.5. Thus, NpO2+ is expected to be the dominant oxidation state
under most conditions (Silva & Nitsche, 1995).

Hinz et al., (2015) and many others performed calculations using NEA‐TDB to create the
information for the graph in Figure 3. The solubility of NpO2+ at a pH of 6 using concentrations for
the current experiments are four to five orders of magnitude lower than the solubility. Preventing
precipitation by using trace concentrations is important for the diffusion study; if precipitation
were to occur, then calculated diffusion coefficients would be erroneous. Furthermore, the lower
sorption affinity of Np(V) relative to Np(IV)is due to the overall effective charge of the ion. Since
the effective charge of the +5 oxidation state of the neptunyl ion is more evenly distributed due
to the axial oxygens, it lowers its overall effective charge to approximately 2.3+ (Runde, 2002)
(Choppin & Rizkalla, 1994). Because of this, 237Np(V) has been identified as one of the most mobile
radionuclides in nuclear waste.

The enhanced mobility combined with the high level of

radiotoxicity and extremely long half‐life makes 237Np(V) a major risk driver motivating research
into the mobility of

237

Np(V) through the compacted clay barrier. Due to the high degree of

compaction causing low hydraulic conductivity, the method of mobility of neptunium is through
molecular diffusion. One of several factors that influence this diffusion of Np through clay is the
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amount of sorption occurring onto that clay. Thus, past studies have quantified the sorption of
237

Np(V) to smectite, most notably bentonite which is an ideal candidate for repositories. Because

the selection of clay affects the rates of diffusion, characterization of that clay must be performed
and understood. Other important neptunium characteristics as well as tritium and sodium
characteristics considered in the study are shown in the following table.
Table 1. Common tracer characteristics. a denotes value extrapolated from published constants. b denotes values
extrapolated from published constants. C All half‐life and decay mode information from Chart of the Nuclides.

Species

Half‐life
(Years)c

H

2.14 x
106
12.32

Na

2.60

237

Np(V)
3

22

Decay
Modes (%)c
α (100%)
β‐ (100%)
ec β+
(100%)

Aqueous Diffusion
Coefficient (Dw) at 25 °C
[m2∙s‐1]
6.0 x 10‐10 (Glaus et al.
2008)
9.31 x 10‐3 (Li, 1974)

Aqueous Diffusion
Coefficient (Dw) at 50 °C
[m2∙s‐1]
3.1 x 10‐9 ( (Johnsen,
2000)a
5.56 x 10‐2 (Li, 1974)b

1.33 x 10‐3 (Li, 1974)

2.1 x 10‐3 (Li, 1974)b

The Dw value represents the diffusion of each species through bulk water. The Dw for
neptunium is used when calculating effective diffusion coefficients at elevated temperatures.
With an increase in temperature, each species diffuses at a faster rate through bulk water (i.e.
self‐diffusion). This is important because an increase in temperature could potentially cause each
species to diffuse through or into the pore waters within the clay faster.

The elevated

temperature Dw values in Table 1 were linearly extrapolated from values given for 0, 18, and 25 °C.
Table 1 also lists other common characteristics for each of the three isotopes. For 237Np, the half‐
life is on the order of millions of years and decays 100% of the time through alpha radiation.
Tritium on the other hand decays 100% through beta decay with a decay energy of 18.6 KeV.
Sodium‐22 decays 100% of the time through electron capture resulting in a positron emission.
This results in gamma rays being produced. Knowing the types of decay for each isotope allows
for appropriate quantification of the radioactivity in each sample. For both tritium and sodium,
liquid scintillation counting is a useful tool in quantifying activity because of the high counting
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efficiency for lower energy beta and gamma particles. Conversely, neptunium is quantified using
an ICP‐MS because the spectrum produced using liquid scintillation counting will overlap with the
sodium.

Quantifying the neptunium by isotope mass is a much more accurate method.

Neptunium is in the form of the neptunyl cation NpO2+. Tritium is a neutral species and is in the
form of tritiated water. Sodium is in the form of the cation Na+.

2.2 237NEPTUNIUM(V) ADSORPTION
Adsorption of radionuclides onto the surface of the compacted clay is a major mechanism
for retardation of mobility. Because diffusion and adsorption are integrated into this process, it
is important to characterize Np adsorption onto the surface of compacted montmorillonite.
Preliminary studies have quantified the adsorption of Np onto montmorillonite at variable ionic
strengths and temperatures (Figure 4).
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Figure 4. Batch sorption data of Np(V) at variable temperature. A. Data with 0.01 M NaCl. B. Data with 1.0 M NaCl
(Wong, et al., 2017).

Several batch sorption experiments were performed to determine the amount of sorption
onto montmorillonite. In Figure 4, the sorption of 1 ppb 237Np(V) was studied with respect to pH
and increasing temperature at a constant ionic strength of 0.01 and 1.0 M NaCl (Figure 4). An
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increase in sorption with an increase in temperature was observed at both ionic strengths. The
increase in distribution coefficients at elevated temperatures was also observed by Fröhlich et al.
2012 on Opalinus clay, determining Kd= 23 ± 4 L∙Kg‐1 at 40 °C and 678 ± 254 L∙Kg‐1 at 80 °C with a
negligible influence of ionic strength (Fröhlich, Amayri, Drebert, & Reich, 2012).
An increase in sorption at elevated temperatures may be explained by the linear free
energy relationship (LFER) between neptunium hydrolysis and sorption. Bradbury et al. 2005
described the LFER as a relationship between free energies of formation for metal complexes and
thermodynamic properties of metal ions or ligands (Bradbury & Baeyens, 2005). When the
temperature is increased, the dissociation constant of water (Kw) increases, provoking an earlier
and/or stronger hydrolysis of a particular species. Rao et al., (2004) determined an increase in
Np(V) hydrolysis by 2 orders of magnitude at 80 °C and similar studies on the hydrolysis of U(VI)
show an increase of about 2‐5 orders of magnitude on hydrolysis constants (Zanonato, et al.,
2004). However, the accuracy of these Np(V) hydrolysis constants has been questions (Neck,
2006). Due to the LFER between hydrolysis and sorption, this increase in hydrolysis constants
causes an increase in the amount of sorption. Even though limited data is presented for Np(V),
the trends for U(VI) are promising and could potentially imply the same phenomenon could
happen for Np(V) hydrolysis, confirming the data in Figure 4 which shows increased sorption at
elevated temperatures. Furthermore, little is known about the speciation of Np(V) at elevated
temperatures. Speciation is important for aqueous neptunium within pore water of the diffusion
sample because certain species could dictate the level of sorption onto montmorillonite.
A separate study using U(VI) determined decreased solubility at elevated temperatures in the acid
pH range due to this increase in uranium hydrolysis (Gaona, Marques Fernandes, Baeyens, &
Atlmaier, 2013). If this were the case for Np(V), then it is imperative to ensure that neptunium
9

concentrations used for diffusion experiments remain at trace levels in order to avoid
precipitation.
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Figure 5. Batch sorption data at variable ionic strength. A. Data at 25 °C. B. Data at 50 °C (Wong, et al., 2017).

The data shown in Figure 4 was replotted in Figure 5 in order to compare multiple ionic
strengths at the same temperature, confirming that ionic strength does not impact the extent of
Np adsorbed onto the surface of the montmorillonite. From the previous results shown in Figure
5, the Np adsorbs to the clay surface in the same manner independent of ionic strength. It was
important to verify that the neptunium adsorbing onto the montmorillonite surfaces was indeed
in the pentavalent oxidation state. In order to do this, samples of each ionic strength were
analyzed via XANES as seen in Figure 6. Here, the two lines representing the pentavalent
neptunium overlap each other well while the tetravalent neptunium has clear differences in peak
intensity and location.
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Figure 6. XANES spectrum of Np(V) adsorption to montmorillonite at pH 8 for both 1.0 and 0.01 M NaCl compared to a
reference spectrum for Np(IV) adsorption (Wong, et al., 2017).

Characterizing neptunium adsorption based on oxidation state is clearly an important
factor when discussing diffusion.

As previously discussed, Np(V) has a lower affinity for

complexing with a surface compared to Np(IV); this is why Np(V) has been identified as a risk
driver for deep geological repositories since the pentavalent state should be the dominant
oxidation state during disposal. When carrying out diffusion experiments, it is vital to ensure that
the neptunium remains pentavalent. Performing these experiments in the open air should
provide enough oxygen to prevent the neptunium from reducing. While aerobic conditions will
keep the Np(V) stable, studies have seen surface induced reduction from Fe(II) containing
minerals; Fröhlich et al. 2012b performed oxidation state analysis of Np(V) reduction to Np(IV) on
Opalinus Clay, an Fe(II) bearing mineral (Fröhlich, et al., 2012b). This study found that locations
where pyrite existed, a significant portion of the Np(V) had been reduced. Unlike Opalinus Clay,
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montmorillonite contains iron mostly in the trivalent oxidation state, so surface mediated
reduction should theoretically not occur unless the montmorillonite was altered. At elevated
temperatures, montmorillonite and other smectite clays have been found to undergo property
changes such as sorption capacity and diffusivity, but Wersin et al. 2007 found that no significant
alterations occurred below 120 °C (Wersin, Johnson, & McKinley, 2007).

Ultimately it is

imperative to ensure that the neptunium will not reduce during the diffusion experiment,
although enough oxygen should be present in the system even at elevated temperatures to
prevent this. A change in oxidation state could result in a decrease in diffusion coefficients by
about two orders of magnitude (Xia, et al., 2005).

2.3 BENTONITE STRUCTURE AND PROPERTIES
Bentonite is one of the most common backfill materials used in repositories because it
limits water intrusion due to the low hydraulic conductivity. If water were to intrude the canister,
then this clay barrier should ideally be the last form of containment before the radioactive waste
reaches the surrounding environment.

Bentonite’s main constituent is the mineral Na‐

montmorillonite [(Ca0.12Na0.32K0.05)(Al3.01Fe3+0.41Mn0.01Mg0.54Ti0.02)(Al0.02Si7.98O20ǀ(OH)4)] which gives
this material the advantageous properties required for a repository such as a high plasticity
(swelling capacity). A representation of the Na‐montmorillonite structure is shown below in
Figure 7.
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Figure 7. T‐O‐T structure of montmorillonite (Brockman, 2006).

Montmorillonite clay is a phyllosilicate mineral consisting of two SiO4 tetrahedron sheets
connected through oxygen bridges to form the two tetrahedral layers (T in Figure 7) and is
considered to be in the smectite clay family. In between the tetrahedral layers is the octahedral
aluminum layer. Substitution of divalent cations (Mg+2, Ca+2) for Al+3 and Al+3 for Si+4 in tetrahedral
layers causes clays to have a net negative charge. This is compensated by having cations in the
interlayer between sheets. The size of the cations in the interlayers plays a vital role in the ability
of the clay to swell, allowing montmorillonite to have not only an extremely high swelling capacity
but also a high cation exchange capacity of 85±3 meq/100g (Borden & Giese, 2001). Water will
become stuck in between the TOT layers of the montmorillonite, causing the structure to expand
anywhere from 7 to 10 times its weight. Because of this high affinity for absorbing water,
montmorillonite is the ideal candidate for backfill material in a deep geological repository
(Brockman, 2006).

2.4 MOLECULAR DIFFUSION
Diffusion can be described as the net transport of a chemical species due to random
molecular motions and interactions from an area of a higher chemical potential (and thus a higher
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chemical concentration) to an area of a lower chemical potential. An important phenomenon
that occurs during diffusion is mass flux which can be described as the mass of the contaminant
diffused over a particular cross section of the sample (in this case the clay sample). When a porous
medium is introduced into the system, diffusion of the contaminant is altered. The overall mass
flux of the chemical species will decrease because only a portion of the cross‐sectional area is
available for transport (i.e., the pore space). In addition, tortuosity (a confined meandering path)
increases the ‘length’ that must be traveled. Furthermore, the macroscopic concentration
gradient decreases due to the presence of pores, decreasing the diffusive mass flux and ultimately
the rates of diffusion. Adsorption onto the clay surface will also decrease the diffusion rates and
flux. Porosity of the medium may also affect the diffusion rates of specific chemical species
through an increase in tortuosity. A species will require a longer diffusion time with an increase
in tortuosity. In general, neutral and cationic species have access to the entire porosity of the
system while anionic species such as chlorine may only reach a portion of the porous space. This
can be attributed to several factors. First, total porosity does not take into consideration
accessible pore spaces but rather the entire volume of the porous medium filled with a fluid. The
term effective porosity is often used to describe the amount of pores in the medium that are
actually available for the chemical species to not only fill but diffusive through completely. A third
term for porosity is diffusion accessible porosity which typically includes dead end pores
(Shackelford, 2013). A visual representation of the various definitions of porosity can be seen in
Figure 8.

14

Figure 8. Conceptual representation of diffusion pathways in a porous solid. Vv1 represents an interconnected void. Vv2
and Vv3 represent dead end voids. Vv4 represents an occluded void (Shackelford, 2013).

The total porosity can be described as the summation of all spaces present in the medium
(Vv1 + Vv2 + Vv3 + Vv4). The effective porosity would consist of just Vv1, characterized as multiple
voids that have become interconnected. The diffusion accessible porosity accounts for the dead
end pores and interconnected voids. (Shackelford, 2013) In many of the diffusion equations used
throughout this study, effective porosity is the main porosity considered. It is important to
accurately describe the porosity in order to extrapolate appropriate information from the
diffusion process. In this study, the degree of clay compaction is so high that the hydraulic
conductivity is extremely low and thus advection can be neglected (Ochs, 2001).
Several studies have quantified the diffusion process of 237Np(V) by using various tracers
such as tritium and 22Na to first determine the porosity and dispersivity of the compacted clay
layer. The use of tracers is essential to the complete study of Np diffusion. These tracers are non‐
sorbing and allow precise monitoring of each experiment and extrapolation of necessary
constants including porosity.

Sato et al. 1992 compared the diffusion rates of several
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radionuclides including tritium and neptunium with respect to increasing dry bulk density at room
temperature. In this study, apparent diffusion coefficients for tritium were determined to be 1.80
x 10‐10 m2∙s‐1 at ρ=1.2 x 103 Kg∙m‐3 and 9.5 x 10‐11 m2∙s‐1 at ρ=1.6 x 103 Kg∙m‐3 (Sato, 1992). This
same study also determined that for ρD=1.0, 1.2, 1.4, 1.6 Kg∙m‐3 dry bulk density of bentonite,
neptunium apparent diffusion coefficients were 2.0 x 10‐12, 1.0 x 10‐12, 3.0 x 10‐13, and 2.0 x 10‐13
m2∙s‐1 respectively (Sato, 1992). Wu et al., (2009) determined a 22Na effective diffusion coefficient
for a through diffusion experiment in Opalinus clay to be 1.9 ± 0.1 x 10‐11 m2∙s‐1.
Another parameter that may affect the diffusion of radionuclides through compacted clay
is the orientation of the clay particles and the smectite content of that clay. Sato et al. 2003
compared the effective diffusion coefficients at room temperature of two bentonites with varying
smectite concentrations.

The bentonite rock with the higher smectite (and thus higher

montmorillonite) content was able to orient the clay particles in a more uniform direction,
allowing for larger effective diffusion coefficients for ρD=1.0 Mg∙m‐3 of 1.2 x 10‐10 m2∙s‐1 in the axial
direction and 2.7 x 10‐10 in the perpendicular direction and for ρD=1.5 Mg∙m‐3 of 3.3 x 10‐11 in the
axial direction and 1.3 x 10‐10 in the perpendicular direction (Sato, 2003). Ionic strength has also
been quantified with respect to diffusion rates. Tachi et al., (2014) determined effective diffusion
coefficients for various tracers including tritium at room temperature for ρD= 800 kg∙m‐3. Ionic
strengths of 0.01, 0.1, and 0.5 M NaCl were compared, and the overall trend identified was an
increase in diffusion rates with an increase in ionic strength; specifically at 0.01 M NaCl,
De=5.84 x 10‐11 m2∙s‐1 while at 0.5 M NaCl, De= 8.25 x 10‐11 m2∙s‐1 (Tachi, 2014). Yet another study
looked at the effects of particle size and diffusion of tritium, concluding that a decrease in particle
size resulted in an increase in apparent diffusion coefficients for all dry bulk densities tested
(Kozaki, 1999). In all cases, little to no work has focused on the effects of diffusion rates with an
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increase in temperature. This is especially important for both the radionuclide of interest
(neptunium) as well as the non‐sorbing tracers (tritium and sodium).

3. OBJECTIVES, HYPOTHESIS, MATERIALS, AND METHODS
3.1 RESEARCH OBJECTIVES
There are three main objectives involved within this research:
1. Determine diffusion rate constants of 237Np and 3H at dry clay bulk densities of 1.15,
1.30, 1.45, and 1.60 g∙cm‐3 at a single ionic strength of 0.1 M NaCl.
2. Compare diffusion rate constants at variable temperatures including 25 and 50 °C.
3. Determine sorption processes as it relates to different bulk densities and
temperatures.

3.2 RESEARCH HYPOTHESIS
Within this research, two main hypotheses are proposed and analyzed:
1. Diffusion rates should decrease with an increase in dry bulk density due to an increase
in tortuosity at higher dry bulk densities.
2. An increase in temperature should result in a decrease in diffusion rate most likely
from an increase in

237

Np sorption to montmorillonite. Generally, ion diffusion

increase with increasing temperature. Thus, a corollary to this hypothesis is that the
decrease in diffusion due to an increase in sorption is greater than the potential
increase in ion diffusion from the increase in temperature.
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3.3 EXPERIMENTAL DESIGN
Throughout the course of this study, the experimental design altered based on the results
of each data set.

After evaluation of the overall results from the first two rounds of

experimentation, the sampling method was optimized for the third and final round of
experiments.

3.3.1 EQUIPEMENT FOR THROUGH‐DIFFUSION EXPERIMENTS
To investigate the diffusion of 237Np through clay, a solution with a high concentration of
the radionuclide of interest is allowed to pass through a compacted clay plug over a specific time
interval and exit the system into a solution with no activity. In order to simulate the diffusion
under conditions of a deep geological repository, diffusion cells have been constructed to house
the clay plug. These cells are made of 316L stainless steel, allowing for control over temperature
and the resulting pressures within the sample chamber.

A. Sample chamber

B. T-Shaped End

C. Bolt Holes

B. T-Shaped End

Figure 9. Schematic representation of the diffusion cell. 1A. Sample chamber. 1B. Top and bottom "T‐Shaped" ends.
1C. Bolt holes.
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A schematic of the diffusion cell can be seen in Figure 9; it consists of a sample holder
(Figure 9a), two ends (Figure 9b), and bolts (Figure 9c) to hold the cell together. The sample holder
is 3 cm long with an inner diameter of 1 cm. The sample is loaded into the sample holder based
on the desired dry bulk density, then a 20 µm pore diameter sintered stainless steel frit filter
(MOTT industrial division, Farmington, USA) is placed on each end of the sample chamber. In
order to prevent clogging of the inlets and outlets as well as movement of the clay, these filters
are required during experimentation. Previous studies (Glaus, 2008) have characterized the
effects of these stainless steel filters on the diffusion process, specifically focusing on the
resisitivity. If fresh filters are used for each experiment, then the radioisotopes should diffuse
through the micropores in a similar manner as bulk water. It was found that the diffusion rates
decreased when previously used filters were used again. Diffusion coefficients on the order of 10‐
11

m2∙s‐1 were obtained, specifically 2.3x10‐10 m2∙s‐1 for HTO at 25 °C (Glaus, 2008). Overall

conclusions from this study stated that as long as the thickness of the clay is greater than that of
the filter and the diffusion rates through the filter are larger than that in clay, the effect of the
filter plates is negligible (Glaus, 2008). Another study attempted to understand the adsorption
effects of actinides on these stainless steel filters. It was determined that when in a pentavalent
oxidation state such as 237Np(V), the adsorption onto the filters is negligible, unlike the case for
strongly sorbing actinides in the tetravalent oxidation state (Van Loon, 2014). Wu et al.,(2009)
determined a Kd value for Np(V) onto the filters plates as 1.4 x 10‐4 m3∙kg‐1, virtually zero
adsorption. However, as discussed below, elevated temperatures in the presence of chloride may
oxidize iron in the steel. The resulting iron oxide phases can adsorb neptunium in both the
pentavalent and tetravalent states (Arai, Moran, Honeyman, & Davis, 2007); (Girvin, Ames,
Schwab, & McGarrah, 1991); (Hakanen & Lindberg, 1991); (Kohler, Honeyman, & Leckie, 1999);
(Nakata, et al., 2002).
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The cell is sealed with o‐rings and retaining bolts. The o‐rings are placed on both T‐shape
ends (AS568‐210 Viton 75), then the T‐shaped ends are inserted into each end of the sample
chamber. Once the cell has been fitted together, four bolts with washers are screwed into the
top of the diffusion cell, allowing for control of the pressure within the sample chamber. Control
of the pressure inside the sample chamber is crucial to each experiment because when the
temperature is increased, the clay will swell and alter the perceived dry bulk density. This may
alter the mechanisms of diffusion for Np. The load cell reads out a digital signal (Omega
Engineering) in pounds of pressure which is used to indicate swelling of the clay within the sample
chamber. In order to adjust the pressure, a micro‐torque wrench is used to loosen each of the
four bolts while ensuring that each bolt is applying the same amount of pressure on the clay plug.
This allows the filter to apply pressure evenly across the clay without any slant in the filter
orientation.
Prior to diffusion of radioisotopes, the clay plug must become saturated with the
synthetic pore water since the clay is loaded into the cell dry. In order to do this, solutions of
radioisotope‐free synthetic pore water are hooked up to each inlet and outlet of each diffusion
cell. As the solution circulates, the load cell on the diffusion cell produces a pressure reading in
pounds of pressure. The pressure slowly increases with time until it levels off and reaches a steady
reading. Once that occurs, the cell is assumed to be completely saturated and ready for diffusion
of radioisotopes. Final pressure readings were estimated from previously published studies
(Brockman, 2006). More details on the swelling of the clays is discussed below in the Sample
Preparation section.
Four Swagelok fittings (Part number 100‐1‐1) are needed for inlets and outlets, two on
top and two on bottom as seen in Figure 9. Polyethylethylketone (PEEK) tubing (Agilent
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Technologies, Part No. 0890‐1761) is a semi‐rigid tubing used for flow of the solutions through
the clay plug. PEEK tubing is advantageous because it has low adsorption for heavy metals,
particularly radionuclides. The PEEK tubing is connected to 0.05mm ID two stop peristaltic tubing
(Fisherbrand, Cat No. 14‐190‐502) which delivers the solution from the reservoirs into the PEEK
tubing. The peristaltic and PEEK tubing are connected using ISMATEC FITTINGS (Idex, P‐794).

3.3.2 SAMPLE PREPARATION AND DIFFUSION OF RADIOISOTOPES
3.3.2.I SAMPLING METHOD ONE
A synthetic pore water stock solution was made using 0.1 M NaCl in DDI water pH
adjusted to 6 using 0.1 M NaOH and HCl. A stock solution of

237

Np was made using a NIST‐

traceable standard for each of the four bulk densities to be tested. In each stock solution, 100 mL
of DDI water was mixed with 0.1 M NaCl and pH adjusted to 6 using 0.01‐0.1M NaOH and HCl
standards. The pH value was chosen based on the preliminary data presented in Figure 4 and
Figure 5 where a pH of 6 would provide enough distinction between Kd values at variable
temperatures. Then ~2600 Bq 237Np was spiked into the solution along with ~167,000 Bq tritium
for a non‐sorbing tracer. This solution represents the ‘high concentration reservoir’ for the
system. The ‘low concentration reservoir’ is a 20mL solution used to create a concentration
gradient and consists of the synthetic pore water (0.1 M NaCl in DDI water, pH 6) with no
radionuclides present.
Based on the volume of the sample chamber, each of the four diffusion cells were packed
with sWy‐2 Na‐montmorillonite at dry bulk densities of 1.15, 1.30, 1.45, and 1.60 g∙cm‐3. Once
packed, each clay plug was saturated with the synthetic pore water in order to reach a stable
swelling pressure. The ideal swelling pressures for each dry bulk density were determined from
previous studies (Brockman, 2006). These ranges are found in Table 2 below.
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Table 2. Range of swelling pressures (lbs) for each theoretical dry bulk density.

Dry Bulk Density (g∙cm‐3) Pressure (lbs)
1.15
1.30
1.45
1.60

6‐7
13
16‐17
20

During this process, the bolts used to attach the diffusion cell together were adjusted
using a micro‐torque wrench. The torque wrench allows for adjustment of each bolt while
ensuring that all four bolts are applying the same amount of pressure on the sample. This process
takes approximately four weeks for the swelling pressure to reach equilibrium. The clay plugs
must be saturated before the diffusion process can begin. Presaturating the clay allows for a more
accurate estimation of total clay mass and water mass within the cell throughout the experiment,
increasing the quality of the data (rather than loading the cell with clay previously saturated).

Figure 10. Schematic representation of diffusion experimental setup. The high concentration reservoir (HCR) and
tubing lines are blue, and the low concentration reservoir (LCR) and tubing lines are red.

A schematic representation of the experimental setup for diffusion can be seen in Figure
10. The diffusion cells were placed vertically during the saturation process and horizontally during
the diffusion of the radioisotopes. During setup and every subsequent sampling period, a level
was used to determine if any slant had occurred from the previous sampling event and adjusted
accordingly. It is imperative to ensure that the cells are completely horizontal during this process,
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or diffusion could potentially be altered due to gravitational effects. Each end of the cell contains
an inlet and outlet with Swagelok fittings. PEEK tubing as previously described carries the solution
to and from the diffusion cell. The flow rate of the peristaltic pump is set at 50.0 µL∙min‐1 based
on previous studies (Brockman, 2006).

The solution flows via an Ismatec 8‐channel

peristaltic pump.

Figure 11. Experimental setup at A. 25 °C and B. 50 °C. The arrow in B indicates the drilled hole in the side of the oven
for the tubing to enter.

The experimental setup for the room temperature diffusion is slightly different than for
elevated temperatures as seen in Figure 11. Holes were drilled into the side of an oven, and the
tubing was run from the solutions at room temperature through the holes into the cell and back
out. The time the solutions spend in the tubing inside the oven should be long enough to
equilibrate at 50 °C before entering the clay.
The high concentration reservoir solution circulates into the cell and back out on the same
side. Likewise, the low concentration reservoir solution circulates into and out of the cell on the
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opposite side. Ideally, the low concentration reservoir should have a 237Np and 3H concentration
less than ~1% of the activity in the high concentration reservoir.

In order to keep the

concentration of radionuclides virtually zero in the low concentration reservoir, the solution will
be replaced with a fresh pore water radionuclide‐free solution every ~5 sampling events with
sampling method one. A sampling event will occur daily with two mL being pipetted out of the
low concentration reservoir and saved for later analysis. Analysis of 3H, 237Np, and 22Na in these
aliquots is described below. Furthermore, a sample of one mL will be taken weekly from the high
concentration reservoir to ensure the concentration of

237

Np and 3H are staying consistent

throughout the experiment; this will allow for calculation of the mass balance. Samples will be
collected from all four cells during each sampling event.
3.3.2.II SAMPLING METHOD TWO
All materials used for sampling method two remained the same as sampling method one
except for the sample chamber material. In this alteration of the experimental design, the
characteristics of the low concentration reservoir were altered. Rather than replace a 20 mL pure
pore water solution every five samplings, the volume of the low concentration reservoir was
raised to 100 mL, eliminating the need to replace it after specific sampling event intervals. This
ideally should allow the concentration gradient to be more consistent throughout the entire
diffusion process. Furthermore, ~167,000 Bq 22Na was also spiked into the solution as another
non‐sorbing tracer in order to verify diffusion results. In addition to a change in the sampling
method, the sample chamber material was changed from stainless steel to carbon fiber. If any
odd results occur during the effluent sampling, the diffusion cell can be temporarily removed from
the diffusion set up and scanned using an x‐ray computed tomography (CT) scanner. This imaging
allows for identification of potential fractures in the clay that would cause preferential flow paths
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and affect the diffusion process. In order to do this, the stainless steel bolts are also replaced with
temporary nylon bolts for scanning.
The sampling frequency of the low concentration reservoir stays the same as in sampling
method one. The size of each aliquot changes when using this sampling method. Rather than
pipetting out two mL samples from the low concentration reservoir and one mL samples from the
high concentration reservoir, each sample for both high and low only requires 250 µL. The total
volume of all samples was monitored gravimetrically.

3.4 SAMPLE ANALYSIS AND DATA PROCESSING
3.4.1 LIQUID SCINTILLATION COUNTING (LSC) SAMPLE PREPARATION
Tritium and sodium activity was measured via Liquid Scintillation Counting (LSC). During
sampling method one, two mL aliquots were taken from the low concentration reservoir and
saved. One mL of that sample will be placed in a seven mL plastic liquid scintillation vial and mixed
with five mL of liquid scintillation cocktail then counted on a Hidex 300SL LSC. In the first two data
sets, only tritium was present in the effluent samples. So only beta particles from the tritium were
quantified with a count rate of five minutes. This amount of time is enough to achieve 1%
counting statistics with the amount of activity present.
During sampling method two, 22Na was also present in the samples. The energies of each
particle emitted from both isotopes have an overlapping spectrum. Thus, the data processing of
this set of LSC results requires an extra step as well as a longer count time of 10 minutes to achieve
1% counting statistics. A standardization experiment was performed which quantified the
percentage of 22Na and 3H that overlapped, attributing that percentage to the total counts for
each isotope. Furthermore, a sample volume of 125 µL was counted rather than 1 mL. Each
sample was placed in a 6 mL plastic scintillation vial and filled with 3 mL scintillation cocktail. This
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set of samples was counted on a Perkin Elmer Tricarb 4200 LSC. Using the tricarb LSC, the counts
per minute required conversion to decays per minute (and then to Bq per mL) using the isotope
efficiency. For tritium, a 60% counting efficiency was used. For 22Na, a 95% counting efficiency
was used.

3.4.2 INDUCTIVELY COUPLED PLASMA‐MASS SPECTROMETRY (ICP‐MS) PREPARATION
Neptunium concentrations in each effluent sample are measured with inductively
coupled plasma mass spectrometry (ICP‐MS). For each sampling event during sampling method
one, 2 mL aliquots were collected. From these samples, one mL is diluted in 2% HNO3 (BDH VWR
Aristar plus) with a total volume of 10 mL in a 15 mL centrifuge tube. These samples were
analyzed in a Thermo XSeries II ICP‐MS. For sampling method two, 125 µL of each effluent sample
collected are placed in the 15 mL centrifuge tube and diluted with 2% HNO3 up to a total volume
of 10 mL. Dilution factors are calculated gravimetrically for all samples run on the ICP‐MS.
Neptunium‐237 standards are made using a NIST Traceable standard (NIST Standard Reference
Material 4341) with concentrations ranging from 0.01 to 100 ppb Np.

3.4.3 DATA ANALYSIS
3.4.3.I DIFFUSION AND ACCUMULATED ACTIVITY
By calculating the amount of each isotope that builds up in the low concentration
reservoir effluent with respect to time, the accumulated activity can be derived.
quantifying accumulated activity, diffusion rates and porosities can be determined.

When
This

accumulation of each isotope can be describe by Fick’s first and second laws. Fick’s first law
demonstrates 1‐D diffusion through a plane with a given flux (Crank, 1975):
i
Ax,tdif

S  ti
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[1]

where J is diffusive flux [Bq∙m‐2∙s‐1]
De is the effective diffusion coefficient [m2∙s‐1]
C is concentration [mol∙L‐1]
x is distance within the clay plug [m]
S is the area of the clay plug [m2]
t is the total time since that specific sample has been collected [days]
Ax is the accumulated activity at each sampling event [Bq]
Understanding flux can reveal when the diffusion process has reached steady state or is still in the
transient phase of transport.

Unlike Fick’s first law, Fick’s second law applies when the

concentration in the system changes:

C
 2C
 Da  2
t
x

[2]

where
[3]
and

Da is the apparent diffusion coefficient [m2∙s‐1]
α is the rock capacity factor [‐]

The rock capacity factor is a dimensionless term defined as:
ɛ

[4]

where ɛ is the effective porosity
ρ is the dry bulk density of the clay [g∙cm‐3]
KD is the equilibrium distribution coefficient [L∙kg‐1]
The form of equation 4 varies depending on the type of radioisotope diffusing. For
tritium, which is considered a non‐sorbing tracers, the KD=0 and thus α=ɛ. Likewise, 22Na weakly
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adsorbs and this amount can be negligible, thus it can be assumed as a non‐sorbing tracer as well.
When this is the case, the rock capacity factor is constrained to a value of 0 < α < 1 since porosity
cannot physically exist at a value larger than one. This is not the case for sorbing isotopes such as
Np; the rock capacity factor can be larger than one. Both the effective diffusion coefficient and
the rock capacity factor can be extrapolated from the accumulated activity data which is
calculated experimentally by:
n

ti
tn
Adif
  Adif

[5]

i 1

where Adif is activity at a specific time interval [Bq]
The curve created by the accumulated activity can be fitted with the following equation assuming
the boundary conditions as C(0,t) = C0 = constant for t > 0 and C(L,t) = 0 for t > 0 (Brockman, 2006):
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[6]

where C0 is the initial concentration [Bq∙L‐1]
L is the sample length [m]
A is the accumulated activity as a function of time [Bq]
Once the accumulated activity is known, the flux is quantified using:

J 
ti
x

i
Ax,tdif

S  ti

[7]

By collecting a small volume of effluent from the low concentration reservoir, the accumulated
activity can be plotted as a function of time to solve for the effective diffusion coeffient as well as
the rock capacity factor. As t∞, the accumulated ac vity can be mathema cally described using
the linearized version of 28:
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[8]
where t is time [s]
and

[9],[10]

These equations can be used to determine a wide variety of parameters. By extrapolating
De and α from the accumulated activity for a non‐sorbing tracer where the rock capacity factor
essentially is the effective porosity, the α for the neptunium diffusion can be applied to equation
4 in order to solve for the Kd and ultimately characterize sorption contributions during the
diffusion process. Furthermore, these distribution coefficients can be compared to previously
determined values calculated from batch sorption data seen in Figure 4 and Figure 5.
3.4.3.II EXTRAPOLATION AND CONCENTRATION PROFILES
Once the experiment ends, the clay plugs were extruded from the sample chamber and
cut into thin slices. In order to perform this, an extrusion device was developed shown in Figure
12.

Figure 12. Extrusion device for cutting clay plug into thin slices.
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Here, the extrusion device allows for placement of the sample chamber between two
metal plates. As the screw at the bottom of the device rotates, the clay plug is pushed upward.
In order to determine the distance each clay slice represents within the clay plug, the amount of
complete rotations of the screw is recorded where one rotation equals one thread on the screw.
The threads per inch were counted for the screw (i.e. 14 threads per inch) and used to calculate
the thickness for each slice. For each thin slice, a wet weight will be measured. Then the clay
samples will be placed in petri dishes in an oven at 50 °C for approximately 48 hours until all water
has evaporated out of the samples. Once the clay thin samples have been dried, dry weights will
be collected. The porosity can be experimentally calculated from this by

porosity 

Vl Vwet  Vdry

Vtot
Vtot

[11]

where Vwet is the mass of the wet clay plug [g or mL]
Vdry is the mass of the dried clay plug [g or mL]
Vtot is the total volume of the sample chamber [mL]
A qualitative non‐destructive assessment of the clay thin slices is performed prior to
further analysis.

Each thin slice is placed between mylar wrapping and exposed to an

autoradiography plate over a time period of one to two days, ensuring the flattest portion of each
slice is used to minimize attenuation in air. The film should either reveal specific locations where
the neptunium has adsorbed onto the montmorillonite surface or confirm a homogenous
diffusion process throughout the entire clay plug. The autoradiography plates were analyzed on
a GE Typhoon FLA 7000.
Once the autoradiography has been completed, each thin slice will be digested in ~8M
nitric acid to leach Np and quantify the solid phase concentration. Because the adsorption of Np
onto the surface of montmorillonite is a reversible reaction, the system should reach equilibrium
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relatively fast without incorporation of more aggressive digestion techniques. Zavarin et al. 2012
showed Np equilibrium times on the order of 2 hours (Zavarin, Powell, Bourbin, Zhao, & Kersting,
2012). The samples were placed in a 15 mL centrifuge tube with 5 mL of DDI water and 5 mL of
67% nitric acid. The samples will be placed on a shaker for several weeks to ensure the system
reaches equilibrium. Then the samples were centrifuged for approximately 15 minutes at 8000
rpm to separate the solid phase and 0.25 mL of the supernatant will be sampled and diluted in 2%
HNO3 in a separate 15 mL centrifuge tube with a total volume of 10 mL. Each of these samples
was analyzed using an ICP‐MS. The concentrations for each of the samples will represent the total
Np concentration at that particular distance within the plug. This data can be used to develop
concentration profiles by modeling either the total concentration, pore water concentrations, or
Np concentrations adsorbed onto the clay surface all plotted with respect to distance within the
clay plug. The ICP‐MS data can be used to determine the solid phase concentration via a simple
mass balance:

CTot   g   CL  VL  CS  M S

[12]

where CL is the concentration in the aqueous phase (i.e., pore water) [μg∙L‐1]
VL is the volume of the aqueous phase [L]
Cs is the concentration on the solid phase [μg∙g‐1]
Ms is the mass of the solid phase (i.e., clay) [g]
By rearranging this equation and incorporating the distribution coefficient, the concentration of
Np adsorbed onto the montmorillonite surface can be calculated by:

Cs 

CTOT  K D
KD 1

[13]

While using the solid phase concentrations to model the concentration profile is a valid
tool, the distribution coefficients may cause some inherent uncertainty in these calculated
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concentrations. Oftentimes, it may be a more valid approach to model these profiles using the
total activity at each distance within the plug since this does not require a distribution coefficient
for calculation. From modeling the concentration profiles, effective diffusion coefficients can be
extrapolated and used for comparison from the effluent data. Furthermore, since Np is a sorbing
tracer, the concentrations of this isotope in the effluent may be below the detection limits of the
ICP‐MS, preventing accurate calculation of effective diffusion coefficients and rock capacity
factors. But if concentration profiles can be obtained from the clay thin slices, then equations
exist to predict the diffusion coefficient and rock capacity factor. This also allows for a verification
of the constants derived from the effluent data. Assuming a decreasing source concentration in
the high concentration reservoir for a semi‐infinite clay medium, the initial and boundary
conditions are (Van Loon & Eikenberg, 2005)

C ( x  0, t  0)  C0
C ( x  0, t  0)  0

 De  R 

 C ( x  0, t  0)
H f 
C ( x  0, t  0)


t
x

C ( x  , t  0)  0

[14]

[15]

[16]

[17]

In order to model these profiles, the following analytical solution described by (Van Loon
& Eikenberg, 2005) using the above stated conditions can be used which predicts the total activity
within the clay at a specific distance while time is held constant:
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where ACc is the total activity within the clay [Bq∙g‐1]
Vpw is the total volume of the pore water [L]
m is the total mass of clay within the sample chamber [g]
x is the distance within the clay plug [m]
Hf is the height of the high concentration reservoir bottle [m]
t is the total time the experiment was running [days]
Microsoft Excel Solver is used for iteration between De and α in equation 18. The Kd term
can be substituted out by rearranging equation 4 so that only two unknowns are present. Also,
time is held constant using the final time the diffusion was stopped and the clay plug was
extruded. In order to obtain a concentration profile at a specific time, the x value for distance in
the clay plug is varied over the length of the clay plug. The concentration profile this equation
produces represents the total activity in the clay including the aqueous and solid phase
concentrations in Bq∙g‐1. The C0 value used is the initial concentration measured in the high
concentration reservoir. However, later analysis will discuss results from varying C0 by using a
decreasing C0 value rather than a constant source. This model is optimized by minimizing the sum
of squared errors using the following equation:
N
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2

where Ci is the experimental concentration measured for each thin slice [Bq∙L‐1].

[19]
By

understanding these concentration profiles due to molecular diffusion, a better understanding of
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the sorption processes of Np can be obtained, especially how these processes differ at elevated
temperatures.
3.4.3.III ERROR ANALYSIS
Error propagation was performed for all reported constants. In order to do this, relative
standard errors for each parameter were used in the following equation:

 De 

 a    L    S    C0 

 

 b    L    S    C0 

2

2

2

2

2

2

2

2

where δDe is the relative standard error in the effective diffusion coefficient
δL is the relative standard error in the length of the clay plug
δS is the relative standard error in the area of the clay plug
δC0 is the relative standard error in the initial concentration measured
δa is the relative standard error in the slope term presented in equation 8
δb is the relative standard error in the y‐intercept term presented in equation 8
Values of each relative standard error are presented in Table 3 below. The distribution
coefficient can be found by rearranging equation 4 to solve for Kd.
Table 3. Relative standard error for each parameter used to quantify De and α (Brockman, 2006).

Parameter Error (%)
δa
1.70
δb
23.4
δL
0.19
δS
0.11
δC0

0.60
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[20]

[21]

The uncertainty can then be found based on the uncertainty in α, ε, and ρ. Assuming that the
dry bulk density has negligible error, the propagated uncertainty for the distribution coefficient
from effluent data is:


1
 K 
  2  
 K   d    2 
2


  
2

d

[22]

Here, the uncertainty of the distribution coefficient has units of cm3∙g‐1.

4. RESULTS
In order to fit the accumulated activity and concentration profiles for each cell, the
experimental dry bulk density must first be calculated. First, the clay plug must be extracted using
the extrusion device shown in Figure 12. As previously described, the thickness of each thin slice
is determined based on the amount of rotations made for each section of the clay plug. This is
calculated by knowing the amount of threads of the screw per inch. For the first two data sets
using sampling method one, this value was 14 threads/inch (~5.5 threads/cm). For the third data
set using sampling method two, a smaller screw was used to obtain a higher resolution of the
concentration profile. This screw had 21 threads/inch (~8.3 threads/cm). The experimental
length of the clay plug can be determined by knowing the amount of rotations required for the
entire plug. In knowing the length of the clay plug and the fixed area of the sample chamber, the
volume for each plug was calculated. The experimental dry bulk density can then be calculated
by dividing the measured mass of dry clay added to the cell over this calculated volume. The
theoretical dry bulk densities were calculated based on an estimate of the initial volume of usable
space in the sample chamber. Furthermore, the adjustment of the pressure throughout the
experiment alters the perceived dry bulk density. The experimental dry bulk densities calculated
from the extraction of the clay plug are found in Table 4 below.
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Table 4. Theoretical and calculated experimental dry bulk densities for each cell. Data set 1 is at 25 °C using sampling
method one. Data set 2 is at 50 °C using sampling method one. Data set 3 is at both 25 and 50 °C using sampling
method two.

Experimental
Theoretical
Data Set Cell # Dry Bulk Density Dry Bulk Density
(g∙cm‐3)
(g∙cm‐3)
1
1.15
0.99
2
1.30
1.00
1
3
1.45
1.24
4
1.60
1.23
1
1.15
0.93
2
1.30
0.96
2
3
1.45
1.18
4
1.60
1.22
1
1.30
1.11
2
1.30
1.26
3
3
1.30
1.23
4
1.30
1.16

4.1 TRITIUM THROUGH‐DIFFUSION
4.1.1 SAMPLING METHOD ONE
As the effluent is collected out of the low concentration reservoir, the accumulated
activity of each isotope is quantified using equation 5, and the flux is calculated using equation 1.
Samples with tritium are analyzed via LSC. The accumulated 3H activity and flux are shown in
Figure 13 along with the associated model approximations.
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Figure 13. Tritium Diffusion for 25 °C using sampling method I. A. Accumulated activity and flux of tritium at a
theoretical dry bulk density of 1.15 g∙cm‐3. B. Accumulated activity and flux of tritium at a theoretical dry bulk density
of 1.30 g∙cm‐3. C. Accumulated activity and flux of tritium at a theoretical dry bulk density of 1.45 g∙cm‐3.

Rock capacity factors used for tritium modeling purposes were equivalent to the
experimental porosity derived using equation 11. This is because tritium does not adsorb to any
surfaces. The fits shown in Figure 13A and B are fits up to 40 days of accumulated activity, and
Figure 13C shows a fit to the first portion of the accumulated activity using the first 15 days of
effluent data. No significant amount of breakthrough was seen for the highest theoretical dry
bulk density of 1.6 g∙cm‐3, so no constants could be extracted for tritium through‐diffusion. The
data collected in Figure 13 was sampled using the first sampling method. The effective diffusion
coefficient, De, is derived from the exponential fit to the accumulated activity in the effluent
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samples. All extrapolated tritium constants for these three cells can be found in Table 5 below.
Each of the four cells was originally meant to cover a range of dry bulk densities, but after
adjustment of the bolts due to the pressure reading on the load cell, the experimental dry bulk
densities shifted.
Table 5. Tritium effective diffusion coefficients at 25 °C from effluent data using sampling method I. No breakthrough
occurred for cell 4, so no constants could be extrapolated.

Cell #
1
2
3

Experimental
Theoretical
De
Da
Dry Bulk Density
α=ε (‐)
Dry Bulk
‐10
2 ‐1
‐10
(x10 m ∙s )
(x10 m2∙s‐1)
(g∙cm‐3)
Density (g∙cm‐3)
1.15
0.99
3.17±0.06
0.67±0.16
4.72±0.09
1.30
1.00
3.37±0.06
0.75±0.18
4.51±0.08
1.45
1.24
0.69±0.01
0.58±0.14
1.19±0.02

Effluent was also collected for each of the four dry bulk densities at 50 °C as seen in
Figure 14 using sampling method one. Two separate fits were made for the elevated temperature
data here. During the experimental phase of this data set, a significant break in between sampling
times occurred, causing a large gap in the accumulated activity and flux shown. Due to this large
gap, the fits for accumulated activity were done using the entire data set as well as the first portion
of the effluent prior to the large time gap. Fit 1 denotes fitting the entire data set while fit 2
models only the first portion of breakthrough before the time gap.
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Figure 14. Accumulated Activity (AA) and Flux of tritium at 50 °C for sampling method I. AA model fit 1 and flux model
fit 1 represents fitting of data using entire data set. AA model fit 2 and flux model fit 2 represents fitting initial
breakthrough of tritium. A. Cell 1 has a theoretical dry bulk density of 1.15 g∙cm‐3. B. Cell 2 has a theoretical dry bulk
density of 1.30 g∙cm‐3. C. Cell 3 has a theoretical dry bulk density of 1.45 g∙cm‐3. D. Cell 4 has a theoretical dry bulk
density of 1.60 g∙cm‐3. No model could be fit to this data due to the low levels of tritium breakthrough.

Like the previous tritium effluent data, this data set has a designated dry bulk density for
each cell number, but the dry bulk densities were also calculated experimentally using the same
method as previously described. The tritium effluent extrapolated constants at 50 °C using
sampling method one are shown in Table 6.
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Table 6. Effective and apparent diffusion coefficients for four different dry bulk densities at 50 °C using sampling
method I. *Indicates fit to first portion of breakthrough. Cell 4 data did not have significant enough breakthrough, so
no fitting data is included.

Experimental
Dry
Dry Bulk
Bulk
Cell #
Density
Density
‐3
(g∙cm‐3)
(g∙cm )

α=ε (‐)

1

1.15

0.93

0.64±0.15

2

1.30

0.96

0.61±0.14

3

1.45

1.18

0.57±0.13

De
Da
(x10‐11 m2∙s‐1) (x10‐11 m2∙s‐1)
8.01±0.15
14.3±0.26*
0.77±0.02
1.87±0.03*
0.90±0.02
3.41±0.06*

12.4±0.23
22.2±0.40*
1.27±0.02
3.10±0.06*
1.56±0.03
5.95±0.11*

The effective and apparent diffusion coefficients shown in Table 6 were extrapolated using the
same equations as the data shown in Table 5. The experimental porosity was measured and used
for modeling purposes as the rock capacity factor.

4.1.2 SAMPLING METHOD TWO
Rather than replace the low concentration reservoir at specific time intervals, sampling
method two allowed for a continuous collection of effluent from the low concentration reservoir.
A theoretical dry bulk density of 1.30 g∙cm‐3 was chosen from the first two data sets to undergo
further experimentation using sampling method two because this density could produce
breakthrough of all isotopes within a reasonable experimental time. In this method, the tritium
effluent was sampled and quantified as previously. In order to collect multiple data sets for 1.30
g∙cm‐3, two cells were run at 25 °C and two at 50 °C. This provided a good comparison of sampling
methods with respect to tritium diffusion. The accumulated activity and flux for each cell is shown
below in Figure 15. Corrosion formation on the stainless steel filters blocked the source solution
from entering cell 4, so no breakthrough occurred.
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Figure 15. Tritium accumulated activity and flux at 25 and 50 °C using sampling method II. All cells have a theoretical
dry bulk density of 1.30 g∙cm‐3. A. Cell 1 effluent data at 25 °C. B. Cell 2 effluent data at 25 °C. C. Cell 3 effluent data
at 50 °C.
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Effective diffusion coefficients were extrapolated from each accumulated activity.
Experimental dry bulk densities were calculated for comparison to the theoretical dry bulk density
of 1.30 g∙cm‐3. Tritium effluent data for this data set can be found in Table 7.
Table 7. Tritium effective diffusion coefficients and porosities for 1.3 g∙cm‐3 theoretical dry bulk density using sampling
method II. *No data could be extrapolated for cell 4.

Experimental
Da
Temperature
De
Dry Bulk Density
α=ε (‐)
‐10
2 ‐1
‐10
m
∙s
)
m2∙s‐1)
(x10
(x10
(°C)
(g∙cm‐3)
1.11
1.66±0.03
0.55±0.13
3.02±0.05
25
1.26
1.53±0.03
0.58±0.14
2.63±0.05
1.23
50*
2.43±0.05
0.61±0.14
4.00±0.08

4.2 SODIUM DIFFUSION
During the third set of experiments using sampling method II,

22

Na was added as an

additional tracer for comparison of coefficients to tritium diffusion. The data shown in Figure 16
comprise of the two cells at 25 °C and two at 50 °C with a theoretical dry bulk density of 1.30
g∙cm‐3. No breakthrough occurred for the second cell at 50 °C (Cell 4). Oftentimes, 22Na is referred
to as a weakly sorbing tracer. Thus, the effluent data was modeled two separate ways. The first
method was assuming the sodium was a weakly sorbing tracer (seen in Figure 16 as Modeled AA,
Sorbing and Modeled Flux, sorbing). In doing this, the model was optimized by fitting two
parameters: the effective diffusion coefficient and the rock capacity factor. In the second fit, the
sodium was assumed to be a non‐sorbing tracer (similar to tritium) where the rock capacity factor
equaled the experimental porosity (seen in Figure 16 as Modeled AA, Non‐sorbing and Modeled
Flux, Non‐sorbing). The sodium effluent data is shown in Table 8 below.
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Figure 16. Accumulated activity and flux of 22Na at 1.30 g∙cm‐3 dry bulk density for sampling method II. The
accumulated activity was modeled as sorbing (solid black line) and non‐sorbing (dashed line). The corresponding
modeled flux was plotted as sorbing (small dotted line) and non‐sorbing (dotted and dashed line) A. Cell 1 sodium
accumulated activity and flux at 25 °C. B. Cell 2 accumulated activity and flux at 25 °C. C. Cell 3 sodium accumulated
activity and flux at 50 °C. D. Cell 4 sodium accumulated activity and flux at 50 °C.
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Table 8. Effective and apparent diffusion coefficients as well as distribution coefficients for 22Na at 1.30 g∙cm‐3 for
sampling method II. *Indicates fit assuming weakly sorbing conditions. Constants could not be derived for the highest
dry bulk density. +The inlet for cell 4 had a corrosion product blocking the inlet, so little to no sodium entered this
diffusion cell.

Temperature
(°C)
25

50+

De
(x10 m2∙s‐1)
1.93±0.04*
1.63±0.03
1.89±0.03*
1.57±0.03
2.41±0.04*
2.27±0.04
‐10

Da
Kd
2 ‐1
(x10 m ∙s ) (cm3∙g‐1)
5.29±1.24*
0.36±0.01
4.27±1.12
0.55±0.13
2.97±0.05
n/a
7.44±1.74*
0.25±0.00
5.46±1.39
0.58±0.14
2.70±0.05
n/a
4.26±1.00*
0.57±0.01
2.96±0.81
0.61±0.14
3.74±0.07
n/a
α (‐)

‐10

The rock capacity factors shown in Table 8 that do not have distribution coefficients listed are the
experimental porosities for each cell.

4.3 NEPTUNIUM DIFFUSION
Effluents collected for the through‐diffusion experiments were analyzed via ICP‐MS for
237

Np(V) breakthrough. Because neptunium adsorbs onto the surface of montmorillonite, the

rock capacity factor was also extrapolated for each accumulated activity fit. While Np(V) has a
lower adsorption affinity to a surface compared to Np(IV), it will still adsorb to the
montmorillonite.

Due to a large amount of adsorption, not all experiments resulted in

breakthrough of neptunium.

4.3.1 SAMPLING METHOD ONE
During sampling method one, the low concentration reservoir solutions were
continuously replaced. Four dry bulk densities at 25 and 50 °C were analyzed using this method.
The accumulated activity and flux of Np(V) at 25 °C were quantified and plotted in Figure 17.
Unlike the tritium or sodium effluent data, the scale of the neptunium data is significantly less.
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Figure 17. Neptunium(V) accumulated activity and flux at 25 °C for sampling method I. A. Cell 1 effluent data at 1.15
g∙cm‐3. B. Cell 2 effluent data at 1.30 g∙cm‐3. No breakthrough occurred for Cell 3 and Cell 4.

Effective and apparent diffusion coefficients as well as distribution coefficients and rock
capacity factors were extracted from these fits. The data was fit using equation 6 and optimizing
for De and α using equation 19. No breakthrough occurred at the higher theoretical dry bulk
densities of 1.45 and 1.60 g∙cm‐3. The neptunium effluent data for 50 °C are found below in
Figure 18 and the resulting constants from both temperature data sets are found in Table 9.
.
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Figure 18. Neptunium(V) accumulated activity and flux at 50 °C using sampling method I. A. Cell 1 effluent data at
1.15 g∙cm‐3. B. Cell 2 effluent data at 1.30 g∙cm‐3. No breakthrough occurred for Cell 3 and Cell 4. Only Cell 1 had a
significant amount of breakthrough that could be modeled.

Table 9. Diffusion and distribution coefficients and rock capacity factors for Np(V) effluent at 25 °C and 50 °C using
sampling method I.

Theoretical
Dry Bulk
Density
(g∙cm‐3)

Experimental
dry bulk
density
(g∙cm‐3)

Temp.
(°C)

De
(x10‐12 m2∙s‐1)

α (‐)

1.15

0.99

25

7.32±0.13

3.75±0.88

1.15

0.93

50

56.5±1.03

60.6±14.2

1.30

1.00

25

2.42±0.04

0.90±0.21

Da
(x10‐12
m2∙s‐1)
1.95±0.0
4
0.93±0.0
2
2.68±0.

Kd
(cm3∙g‐1)
3.12±0.89
60.8±14.4
0.15±0.05

Breakthrough of 237Np(V) at 50 °C using the first sampling method is shown in Figure 18.
Like the data shown in Figure 14 for tritium breakthrough, the neptunium breakthrough curves
have a time gap where no data was collected. The model used for fitting was equation 6 which
optimized the effective diffusion coefficient and rock capacity factor. The epsilon values shown
in Table 9 were the experimental porosities calculated. Constants could only be extracted for 1.15
and 1.30 g∙cm‐3 at 25 °C and 1.15 g∙cm‐3 at 50°C.
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4.3.2 SAMPLING METHOD TWO
During the second method of sampling, the low concentration reservoir was never
replaced with fresh solution. A dry bulk density of 1.30 g∙cm‐3 was saturated, and isotopes were
diffused through two cells at 25 and 50 °C. Effluent collected using sampling method two was
analyzed for 237Np(V) breakthrough in each cell at both 25 and 50 °C. The accumulated activity
and flux for each cell are shown in Figure 19. Only the data in Figure 19C could be fit using the
model; the other cells did not have a significant enough amount of breakthrough to optimize
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parameters. The constants fitted for the third cell in Figure 19 can be found in Table 10.
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Figure 19. Np(V) accumulated activity and flux at a dry bulk density of 1.30 g∙cm‐3 under both 25 and 50 °C using
sampling method II. Only the data in C had significant breakthrough. A. Cell 1 at 25 °C. B. Cell 2 at 25 °C. C. Cell 3 at
50 °C. D. Cell 4 at 50 °C.
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Table 10. Diffusion and distribution coefficients of Np(V) at 25 and 50 °C using sampling method II for a dry bulk
density of 1.30 g∙cm‐3. *No data could be extrapolated for cell 4.

Temp.
(°C)
25
25
50*

Experimental
Dry Bulk
Density (g∙cm‐3)
1.11
1.26
1.23

De
(x10 m2∙s‐1)
‐11

n/a
n/a
2.54±0.05

α (‐)

ε (‐)

n/a
0.55±0.13
n/a
0.58±0.14
9.30±2.18 0.61±0.14

Da
(x10 m2∙s‐1)

Kd
(cm3∙g‐1)

n/a
n/a
2.70±0.05

n/a
n/a
7.06±1.77

‐12

4.4 NEPTUNIUM CONCENTRATION PROFILES
4.4.1 SAMPLING METHOD ONE
Once the diffusion experiments came to an end, the clay plug for each cell was extruded
and cut into multiple thin slices. As previously described, the thin slices were digested in
concentrated HNO3, sampled, and analyzed for the amount of neptunium leached off the surface
of the clay. Once the leached samples were analyzed via ICP‐MS, the concentration profiles were
quantified. As seen in Figure 20Figure 20, the total activity (which includes the solid and aqueous
phase concentrations) is plotted with respect to horizontal distance within the clay. If effluent
data was available for effective diffusion coefficients and rock capacity factors, those values were
plotted in the two data sets below using the Van Loon equation. Detection limits were calculated
for all ICP‐MS runs and converted to units of Bq∙g‐1 for the concentration profiles shown below.
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Figure 20. Concentration profiles of Np(V) at 25 °C using sampling method I. Data was fit using the Van Loon model
presented in equation 18. A. Cell 1 profile with a dry bulk density of 1.15 g∙cm‐3. Effluent constants also plotted using
the Van Loon equation. B. Cell 2 profile with a dry bulk density of 1.30 g∙cm‐3. Effluent constants also plotted using
the Van Loon equation. C. Cell 3 profile with a dry bulk density of 1.45 g∙cm‐3. D. Cell 4 profile with a dry bulk density
of 1.60 g∙cm‐3.
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Figure 21. Np(V) concentration profiles at 50 °C using sampling method I. Experimental data was fit using the Van
Loon model. A. Cell 1 profile with a dry bulk density of 1.15 g∙cm‐3. The effluent constants for this cell were plotted
using the Van Loon equation. B. Cell 2 profile with a dry bulk density of 1.30 g∙cm‐3. C. Cell 3 profile with a dry bulk
density of 1.45 g∙cm‐3. D. Cell 4 profile with a dry bulk density of 1.60 g∙cm‐3.
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4.4.2 SAMPLING METHOD TWO
The same models used for the first sampling method also applied to the concentration
profiles for the second sampling method. Concentration profiles for cells 1, 2, and 3 shown

Total Activity (Bq∙g‐1)

below in Figure 22.
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Figure 22. Np(V) concentration profiles at 25 and 50 °C using sampling method II. All cells have a theoretical dry bulk
density of 1.30 g∙cm‐3. A. Cell 1 profile at 25 °C. B. Cell 2 profile at 25 °C. C. Cell 3 profile at 50 °C. The effluent
constants for this cell were plotted using the Van Loon equation.

The stainless steel filters unexpectedly corroded to varying amounts for each cell in all
three data sets. Np(V) adsorption onto these filters was measured by leaching of neptunium with
~8M HNO3, and analysis was performed using an ICP‐MS. An image of fractions of each thin slice
for cell 3 from the first data set at 25 °C using sampling method one are shown in Figure 23A
below. The resulting autoradiography image from exposure to neptunium adsorbed onto the clay
slices is shown in Figure 23B below. In order to compensate for the adsorption as well as potential
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resistivity of the stainless steel filters, attempts at fitting the data using separate model were
made. These additional fits are not included in the discussion due to fitting parameter errors
discussed later on. Almost all cells had >1% adsorption of Np(V) onto the corrosion products as
seen in Table 11 below.

Figure 23. Autoradiography image of cell 3 with a theoretical dry bulk density of 1.45 g∙cm‐3 at 25 °C. A.
Image of plate with thin slices. B. Image of film after exposure to thin slices.

Table 11. Neptunium concentrations adsorbed onto filter adjacent to high concentration reservoir inlet.

Theoretical
[Np]_filter
% initial Np(V)
Temperature (°C)
‐3
Dry Bulk Density (g∙cm )
(Bq Np/g filter) mass adsorbed to filters
15.0
1.15
25
70.8±2.03
8.00
1.30
25
31.3±0.99
48.0
1.45
25
229±15.7
0.10
1.60
25
0.13±0.01
14.0
1.15
50
168±12.1
0.20
1.30
50
1.21±0.08
13.0
1.45
50
79.6±3.09
0.02
1.60
50
0.10±0.00
16.0
1.30
25
96.8±3.58
20.0
1.30
25
117±3.75
18.0
1.30
50
180±4.43
0.20
1.30
50
1.33±0.04
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5. DISCUSSION
5.1 SAMPLING METHOD ONE‐INFLUENCE OF DRY BULK DENSITY AT 25 AND 50 °C
Since tritium is a non‐sorbing tracer, it should diffuse through the system much faster
than the neptunium. It was also initially thought that an increase in temperature should cause an
increase in the rates of diffusion for non‐sorbing tracers like tritium due to a larger amount of
energy within the system while an increase in dry bulk density should result in a decrease.
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1E‐12
0.93

0.96

0.99

Dry Bulk Density
25 °C

50 °C

1.00

1.18

1.24

(g∙cm‐3)

50 °C‐initial breakthrough

Figure 24. Comparison of tritium effective diffusion coefficients with respect to experimental dry bulk density for
sampling method I. Constants are at both 25 and 50 °C. The 50 °C data have two diffusion coefficients plotted, one
fitted for the entire data set and one for the initial breakthrough. No constants could be extrapolated for cell 4 for
both data sets because of low levels of breakthrough.

An overall comparison of the derived effective diffusion coefficients for tritium using the
first sampling method can be seen in Figure 24. The constants initially found in Table 5 and Table
6 were plotted to reveal trends within the data sets. Two diffusion coefficients for the 50 °C data
were plotted due to the two fits accounting for the time gap described earlier. The fit for the
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entire data set at 50 °C showed an average 37±16% lower estimation of diffusion coefficients
compared to the fit for the initial breakthrough. This estimation could be attributed to the
changing concentration gradient resulting from sampling method one. If the concentration of
isotopes builds up too high, then the system is not ‘quasi‐zero’ anymore. Consequentially, the
concentration gradient driving the diffusion changes when each low concentration reservoir
solution is changed. Fitting the accumulated activity from the initial breakthrough should reflect
the initial concentration gradient. For a theoretical dry bulk density of 1.45 g∙cm‐3 at 25 °C
(experimental is 1.24), De=6.9x10‐11 m2∙s‐1 which is comparable with the literature value of
1.50x10‐11 m2∙s‐1 for a dry bulk density of 1.90 g∙cm‐3 (Sanchez, et al., 2008). These two diffusion
coefficients are on the same order of magnitude and the lower bulk density has a larger tritium
diffusion coefficient. Similarly, from the data in Figure 24, the diffusion coefficients gradually
decrease with increasing bulk density. Based on this gradual decrease, diffusion coefficients could
be extrapolated to 1.90 g∙cm‐3 that are comparable to the Sanchez values. Another study using
Fe(III)‐montmorillonite found an apparent diffusion coefficient of 3.2 x 10‐10 m2∙s‐1 at 25 °C for ρ=
1.0 g∙cm‐3, a value comparable to the effluent result at both theoretical dry bulk densities of 1.15
and 1.30 g∙cm‐3 (with experimental dry bulk densities equaling 0.99 and 1.00 g∙cm‐3) of 4.72 x 10‐10
and 4.51 x 10‐10 m2∙s‐1 (Manjanna, Kozaki, & Sato, 2009).
Even though the elevated temperature should provide a larger amount of energy for the
tritium to diffuse through the system, the trends in Figure 24 show the opposite: an increase in
temperature causes an overall decrease in the diffusion coefficients. One reason for this could be
that the tritium is undergoing exchange between the bulk water ions within the saturated clay,
slowing down the diffusion process.
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Tritium diffusion can also be compared to the degree of compaction of the clay.
Theoretically, the tritium should diffuse slower through a higher compacted clay which results in
a lower porosity. In general, the data above shows a decrease in diffusion rate with an increase
in dry bulk density as expected. The only exception appears in the initial breakthrough fit for the
50°C data at 1.18 g∙cm‐3. The scatter in this data could be attributed to the sampling method. By
replacing the fluid in the low concentration reservoir at specific time intervals, the concentration
gradient is changing slightly over time and the source concentration is not considered constant.
This could potentially impact the extrapolated diffusion coefficients. Evaluation of the effects due
to sampling method are discussed later.
While effluent analysis of neptunium is limited due to the longer transport times, some
breakthrough occurred at the lower dry bulk densities at both temperatures, allowing for
quanitification of effective diffusion coefficients and distribution coefficients. The data presented
in Figure 25 show the trends for each type of constant. Here, there is a decrease in the diffusion
rates with an increase in dry bulk density at 25 °C. There is also a decrease in the amount of
adsorption with an increase in dry bulk density as seen in Figure 25B. While the mentioned trends
shown in Figure 25A have been confirmed from tracer analysis, there is not enough Np(V) effluent
data to make a confident statement in the trend of decreasing Kd with increasing dry bulk density.
Another important trend to note from the effluent analysis is the increase in diffusion rates as
well as sorption with an increase in temperature. As hypothesized, the Np(V) should adsorb to
the montmorillonite stronger at elevated temperatures. Unexpectedly, the diffusion rate of
neptunium seems to also increase with increasing temperature. While this makes sense for non‐
sorbing tracers such as tritium, the adsorption of neptunium should be a significant enough
process to hinder the overall diffusion rates of neptunium. As previously stated, the effluent
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analysis needs more data points in order to confidently claim these trends, but the current data
in the figure below could potentially suggest that the diffusion process may outweigh the
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Figure 25. A. Effective diffusion coefficients from effluent analysis for Np(V) using sampling method one. B.
Distribution coefficients from effluent analysis using sampling method one.

In order to discuss neptunium diffusion and the resulting concentration profiles, it is
important to mention the formation of the iron oxides on the stainless steel filters because this
formation may affect the diffusion process and resulting concentration profile. Two images are
shown in Figure 23. The figure on the left contains pieces of each thin slice for cell 3 with a
theoretical dry bulk density of 1.30 g∙cm‐3 at 25 °C placed on a radiography film. The figure on the
right shows the autoradiography film after exposure to the slices. The darkest circular portion
boxed in black in the bottom left corner of the right image is the stainless steel filter at the high
concentration reservoir:filter:clay interface. Throughout the duration of the experiment, the
stainless steel filter at the high concentration reservoir side appears to continuously corrode,
producing iron oxides which have high adsorption capacities for Np(V). Accumulation of Np in the
56

filter was monitored by acid leaching the filters. The measured concentrations of Np are shown
in Table 11. From the autoradiography imaging, the accumulation of Np is shown by the darker
spots which indicate a higher activity of neptunium. Even though negligible Np(V) sorption to the
filters was initially assumed, the measured Np concentrations in Table 11 clearly show this
phenomenon cannot be ignored. This is particularly evident when comparing the percentage of
total mass of neptunium added to the system. Particularly with cell 3 at a theoretical dry bulk
density of 1.45 g∙cm‐3 at 25 °C, up to 45% of the initial Np mass in the system was found adsorbed
onto the filters. Preferential partitioning of the Np to corroded portions of the filter area is
difficult to infer given the resolution of the autoradiography imaging, though general association
can be seen here.
In addition to demonstrating that neptunium was partitioning to the corrosion products,
the autoradiography images also allow for identification of specific areas within the clay slices
that could contain larger amounts of radioactivity than others, indicating preferential flow paths
or specific adsorption sites. In general, the intensity seems uniform for each thin slice in Figure
23B, confirming no preferential flow paths present in the clay plug. This phenomenon was seen
in all radiography images for each thin slice. Ultimately, the radiography images reaffirmed that
the diffusion process within these diffusion cells was homogenous, allowing for modeling of the
concentration profile to be fit in one dimension rather than three.
Concentration profile analysis was performed on the data sets shown in Figure 20 and
Figure 21. While extrapolation of effective diffusion coefficients and distribution coefficients can
be done using the Van Loon model presented in equation 18, the model still does not describe
the system accurately. From the initial and boundary conditions presented in equations 14‐17,
the analytical solution equation 18 assumes a decreasing source concentration where the
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concentration at the filter:clay interface next to the high concentration reservoir should be
equivalent to the initial concentration measured in the source stock. Because varying amounts of
corrosion occurred on the filters, some neptunium adsorption onto those iron oxides caused an
alteration of the boundary condition. Below is a conceptual model of the neptunium diffusion
with and without the formation of corrosion products and subsequent adsorption onto those iron
oxides.

Concentration
profile in clay

C0

A
Filter
Concentration
profile in clay

C0

B
Figure 26. Schematic of diffusion at the end of an experiment with and without the effects of the filter considered. A.
At a constant time, C0 represents the initial concentration in the high concentration reservoir, and the concentration
profile of neptunium in the clay. B. The concentration in the high concentration reservoir and the concentration profile
of neptunium in the clay. Here, the concentration in the clay is lower than in A due to the impact of the filter in B.

A schematic of the diffusion of neptunium from the high concentration reservoir (light
blue) to the end of the clay plug is shown in Figure 26 with time held constant. In Figure 26A, the
neptunium is shown as relatively constant in the high concentration reservoir and the resulting
concentration profile is shown on the right. This diagram does not take into consideration the
impacts of the filter either from resistivity or adsorption of neptunium onto the corrosion
products. In Figure 26B, the diagram shows a relatively constant concentration in the high
concentration reservoir to the left. Then the neptunium diffuses through the filter designated
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with an arrow. The filter causes the boundary concentration at the filter:clay plug interface to
decrease. Essentially A shows C0=CClay, and B shows C0≥Cclay. By fitting the various concentration
profiles using the initial concentration measured in the high concentration reservoir, the diffusion
coefficients are potentially being underestimated because the Van Loon equation assumes a
larger amount of neptunium should be present in the clay plug. A more detailed discussion of
fitting the concentration profile using various models is presented later on in the discussion.
While fitting the concentration profiles using the current Van Loon model presented may
result in erroneous constants, trends in the concentration profiles are discussed below in Figure
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Figure 27. Concentration profiles using sampling method two at both A. 25 °C and B. 50 °C. Each cell is labeled with
the experimental dry bulk density for more accurate trend comparisons.

These neptunium concentration profiles are originally presented in Figure 20 and Figure
21 with each respective detection limit plotted. Each thin slice for each cell had a measurable
amount of activity well above the detection limit of the ICP‐MS. The concentration profiles for
each temperature have been overlaid on each other to reveal potential trends with respect to dry
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bulk density. Using the corrected experimental dry bulk density for each cell, the trends in both
Figure 27A and B show a decreasing amount of overall sorption and transport with an increasing
dry bulk density. The only exception is with the third cell for both at an experimental dry bulk
density of 1.24 and 1.18 g∙cm‐3. For the 25 °C data, the first two cells have similar experimental
dry bulk densities (0.99 and 1.00), and their resulting concentration profiles seem to generally
overlap each other. When the dry bulk density was increased to 1.23 g∙cm‐3, the overall transport
is slightly decreased which is comparable to effluent trends of tritium that showed decreases in
transport with an increase in dry bulk density. At elevated temperatures in Figure 27B, the dry
bulk density has a larger impact on the activity distribution for the concentration profiles. The
decrease in the overall neptunium transport at higher dry bulk densities in Figure 27B shows
promise that higher degrees of compaction will significantly retard overall neptunium transport,
regardless of the amount adsorbed to the surface.

5.2 SAMPLING METHOD TWO‐INFLUENCE OF TEMPERATURE
While the objective of the data collected with the first sampling method was to
understand how the degree of compaction affects the diffusion rates of neptunium through
montmorillonite, that sampling method may have caused some errors to occur within the data.
An optimization of the sampling method and overall setup of the experiments was necessary to
obtain acceptable data. In order to do this, the low concentration reservoir characteristics were
modified. Rather than switching solutions every couple days, the low concentration reservoir was
left throughout the entire experiment. Furthermore, the volume was made equal to the high
concentration reservoir and

22

Na was also added as an additional tracer in order to compare

tritium diffusion processes.
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Tritium diffusion and accumulated activity at both temperatures can be found in Figure
15. Tritium was expected to diffuse faster at 50 °C. The diffusion coefficients shown in Table 7 at
25 °C agree with the expected results well and are also comparable to literature values. Figure 28
compares the effective diffusion coefficients. There is a clear increase in diffusion rates at
elevated temperatures in this data set. Also the diffusion of tritium in the two cells at 25 °C agree
well with each other in both extrapolated constants and accumulated activity in the effluent as
shown in Figure 29.

The consistent effluent breakthrough between these two cells aids

confidence in the sampling method and experimental design. Here, there is a clear difference in
tritium breakthrough. The increase in breakthrough for cell 3 can clearly be attributed to the
elevated temperature.
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Figure 28. Tritium effective diffusion coefficients for cells 1, 2, and 3 using sampling method two at variable
temperatures.
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Figure 29. Tritium accumulated activity for cells 1, 2, and 3 using sampling method two at variable temperature.

The previous study using Fe(III)‐montmorillonite found apparent diffusion coefficients of
3.2 x 10‐10 m2∙s‐1 at 1.0 g∙cm‐3 and 1.15 x 10‐ 10 m2∙s‐1 at 1.60 g∙cm‐3. The Da values shown in Table
6 are within the bounds of these two literature values (Manjanna, Kozaki, & Sato, 2009). The
diffusion coefficient of the third cell seems to fall in line with the expected trend, but the diffusion
coefficient of the fourth cell is extremely low. As discussed below, a physical barrier of corroded
iron oxide was observed during destructive sampling of the fourth cell which could have hindered
any flow into the clay plug.

Figure 30.A. Autoradiography film exposed to filter as well as piece of thin clay slice. B. Filter
from cell 4 at 50 °C using sampling method II.
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The inlet and outlet on the diffusion cell were connected by a pattern cut in to prevent
air bubble formation. In Figure 30A, there is clearly a large corrosion product where the hole from
the inlet of the diffusion cell was against the filter face. This buildup of iron oxide material could
potentially have blocked any isotope from diffusing at a rate typical of that dry bulk density.
Furthermore, the autoradiography image of the filter in Figure 30A shows the amount of activity
on that corrosion product compared to the amount of activity on the clay slice adjacent to the
filter. From this image there is clear preferential sorption to the iron oxide phase. This could
explain the absence of any radionuclide, including tritium, in the low concentration reservoir.
Because this particular cell exhibited high amounts of corrosion to the extent that it prevented
significant amounts of isotope activity from entering the clay plug, the data for cell 4 using
sampling method two are not shown in the main text.
The phenomenon of adsorption of the Np(V) onto the corrosion products can be further
supported by previous studies analyzing the percent adsorption of Np(V) onto synthetic
amorphous iron oxyhydroxids (Girvin, Ames, Schwab, & McGarrah, 1991). Girvin et al. 1991
concluded that an increase in pH caused an increase in Np(V) sorption onto iron oxyhydroxides
such as Fe2O3∙H2O; At a final pH value of 6‐8, approximately 75‐95% of all the neptunium had
adsorbed. The high amount of corrosion on the filter for the fourth cell in these diffusion studies
could explain why such little amounts of neptunium entered the clay. The Np(V) could be
partitioning to the corrosion products, resulting in unexpectedly low levels of total activity in the
concentration profile for this cell.
Along with tritium diffusion,

22

Na was added to this set of experiments in order to

compare results. Due to the low surface affinity of the monovalent sodium, it is often used as a
weakly sorbing/non‐sorbing tracer. The data was modeled both as a sorbing and non‐sorbing
63

tracer to compare. Figure 16 shows a better agreement when considering sodium as a weakly
sorbing tracer. Thus, diffusion coefficients were extrapolated as seen in Table 8. Effective and
apparent diffusion coefficients as well as distribution coefficients for

22Na

at 1.30 g∙cm‐3 for

sampling method II.Table 8. Sodium followed the exact same trends as tritium; the two 25 °C
diffusion coefficients yield slower rates than cell 3, while cell 4 results may be skewed due to
clogging of the filter. A comparison of the effluent breakthrough for each temperature is shown
in Figure 32. The sodium effluent for the two cells at 25 °C exhibit similar rates of diffusion, aiding
more confidence in this sampling method and experimental design. As seen with tritium data
literature comparisons, the apparent diffusion coefficients from the sodium effluent analysis fall
within the bounds of published sodium values of Da=4.6 x 10‐11 m2∙s‐1 at ρ=1.0 g∙cm‐3 and Da=2.5 x
10‐11 m2∙s‐1 at ρ=1.60 g∙cm‐3 for 25 °C (Manjanna, Kozaki, & Sato, 2009). This comparison further
confirms sodium is weakly sorbing; the non‐sorbing values from the effluent analysis
underestimate the rates of diffusion. The extrapolated constants are displayed in Figure 31 below

Effective Diffusion Coefficient (m2∙s‐1)

to compare the magnitudes of the diffusion rates.
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Figure 31. Sodium effective diffusion coefficients for cells 1, 2, and 3 using sampling method two.
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Figure 32. Sodium accumulated activity for third data set at variable temperature using sampling method two.

Finally, the neptunium accumulated activity and flux were analyzed. The accumulated
activity of each isotope was compared for each cell to observe diffusion trends in Figure 33.
Plotting the accumulated activity for each isotope in an individual cell reaffirms the trends
expected regarding sorption during the diffusion process. The neptunium diffusion is virtually
zero compared to the tritium and sodium. Even though sodium is a weakly sorbing tracer, it
appears to diffuse slightly faster through the system than tritium. The studies performed by Van
Loon and Soler, (2004b) also discovered faster diffusion rates of 22Na over tritium and attributed
this phenomenon to sodium undergoing increased surface diffusion, especially due to the sodium
rich montmorillonite. The tritium will diffuse into every type of pore and even in the interlayers
of the clay while the sodium will be repulsed by the like charges of the sodium on the clay surface,
potentially causing this increased rate.
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Figure 33. Comparison of tritium, sodium, and neptunium diffusion in Cell 1 at 25 °C for sampling method II.

Neptunium diffusion was also monitored via effluent sampling as well as concentration
profile analysis. Because neptunium adsorbs onto the montmorillonite so strongly, there is
frequently insufficient neptunium breakthrough to determine the constants.

While

models

were provided to fit the concentration profiles, each was determined to be insufficient with
regards to considering all initial and boundary conditions accurately. A fitting exercise was
performed on the concentration profiles from the third data set.

5.3.1. CONCENTRATION PROFILE FITTING ANALYSIS
Fitting of the concentration profiles using an analytical solution to equation 2 varies
depending on the designated initial and boundary conditions. Initial fits to all concentration
profiles were performed using the Van Loon analytical solution with initial and boundary
conditions stated in equations 14‐17. While this fitting analysis may be a decent estimate of the
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neptunium transport in the clay plug, there are still unique conditions to this experimental setup
that the analytical solution specified does not take into consideration. As seen with the formation
of the corrosion on the stainless steel filters, the iron oxide formation may be affecting the
boundary concentrations as discussed in Figure 26.

A fitting analysis was performed to

understand the vitality of the initial concentration on the extracted concentration profile
constants. In Figure 34A, the concentration profile was plotted with respect to distance within
the clay plug. The data was collected by sectioning the clay plug into thin slices, drying the thin
slices, leaching neptunium off with concentrated nitric acid, then analyzing the measured
concentrations using ICP‐MS. Because extraction was performed with this method, the total
concentration is measured on the ICP‐MS rather than the aqueous or solid phase concentrations
individually. Fitting was performed by varying the initial concentration based on the measured
concentrations in the high concentration reservoir over time. Upon changing these values, the
De and α were optimized to fit the data. In Figure 34A, all fits to the data overlap each other in
good agreement, confirming that this model can capture the curvature of the profile. The data in
Figure 34B are the extrapolated De values with respect to their initial concentrations. In this
figure, it is clear that an increase in initial concentration results in an increase in the rates of
diffusion. This makes sense thermodynamically because a larger concentration will produce a
larger concentration gradient and ultimate driving force for the neptunium to diffuse. While the
diffusion rates seem to increase with increasing initial concentration, the α values and ultimately
the Kd values also increase with increasing initial concentration.

Overall, the constants

extrapolated change systematically with a changing C0 value. Thus it is imperative to ensure that
the concentration at the filter:clay interface is accurate when modeling. But because the
formation of corrosion products on the stainless steel filters at the high concentration
reservoir:filter:clay interface showed signs up corrosion and ultimately neptunium adsorption, it
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is unsure what the true boundary condition is for each cell. The Yu model has also been discussed
as a viable option for fitting the data, but it too shows a similar dependence on the initial
concentration as the Van Loon model does. Thus, the concentration profile fits and resulting
constants have been excluded from this discussion.
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Figure 34. Neptunium concentration profile fitting analysis for cell 1 of data set three at 25 °C using sampling method
two. A. Varying initial concentrations were fit based on the neptunium concentrations measured in the HCR over
time. B. Extrapolated effective diffusion coefficients for each fit with a varying C0 value.

5.3 COMPARISON OF SAMPLING METHODS AND RESULTING COMPLICATIONS
Because these experiments were carried out under two different sampling methods, it is
important to compare the results and experimental errors that occur with each method. The
second sampling method was implemented in order to optimize the sampling techniques after
the first two data sets were collected.
One of the major differences between the two sampling methods is the characterization
of the concentration gradient which drives the molecular diffusion. Using the first sampling
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method requires the replacement of the solution every couple sampling events in order to ensure
the buildup of isotopes on the low concentration reservoir do not exceed 1% of the concentration
in the high concentration reservoir. In doing this, the concentration in the low concentration
reservoir over the entire experiment is assumed to be ‘quasi‐zero,’ allowing the effluent to be
modeled assuming a constant source. While this method allows for good control of the
concentration gradient, if the buildup in the low concentration reservoir becomes too large, back
diffusion may start to occur. Indeed, some back diffusion occurred during the first 25 and 50 °C
experiments. This can be seen in Figure 13 and Figure 14 for tritium accumulated activity and
flux. Back diffusion can be identified from the flux profiles; in both cases for tritium, the flux
reaches a peak and begins to decrease rather than reach a steady state. Furthermore, the
accumulated activity ceases to continue as a linear accumulation and begins to curve. As an
example, the data seen in Figure 13B was analyzed to understand this changing concentration
gradient. The peak flux occurs at around 15 days before back diffusion begins. At this point, the
percentage of tritium in the low concentration reservoir is roughly 6% of that in the high
concentration reservoir. The accumulated activity begins to curve after this point as well from
this buildup.
In order to see the effects a changing concentration gradient has on the rates of diffusion,
effective diffusion coefficients were derived for tritium and plotted with respect to time in Figure
35. These constants were calculated using the accumulated activity in each low concentration
reservoir before exchange to a new solution. At around 22 days, the rates of tritium peak and
begin to decrease due to the accumulation in the low concentration reservoir. This type of
analysis confirms that fitting the accumulated activity model to the first portion of the curve is an
accurate method for deriving diffusion coefficients before the concentration gradient begins to
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affect the results. The shape of the curve also reflects the shape of the tritium flux curves in both
Figure 13 and Figure 14. A relationship between concentration gradient and diffusion rate can be
drawn here: the larger the difference between the high and low concentration sources, the faster
the isotope will diffuse through the media. Ultimately in order to use this method, it is important
to exchange the low concentration reservoir ideally every day in order to guarantee no buildup of
isotopes; exchange every 4‐5 days does not seem frequent enough.
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Figure 35. Evolution of effective diffusion coefficients over time for 1.30 g∙cm‐3 at 25 °C using
sampling method I.

This problem was not seen in the data using sampling method two until the very end of
the experiment when the low concentration reservoir started to be between 1‐5% of the high
concentration reservoir. Because of this, modeling the first half of the data will eliminate this
problem for effluent analysis. Unlike the low concentration reservoir in the second sampling
method which only exceeds 1% once, a buildup in concentration exceeds 1% in each new solution
causing multiple concentration gradients. Plotting the high concentration reservoir (HCR) tritium
concentrations against the low concentration reservoir (LCR) concentrations over time provides a
decent aid in visualizing this build‐up in the LCR. Figure 36A shows tritium HCR and LCR
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concentrations over time using the first sampling method. The ‘zig‐zag’ pattern of the LCR occurs
due to the sampling method and resulting build‐up before exchanging to a new solution. This
pattern of build‐up can be compared to the second sampling method pattern in Figure 36B.
Ultimately, using sampling method two eliminates the potential phenomenon of back diffusion
and increases the quality of modeling fits. Sampling method one could lead to an underestimation
of diffusion rates.
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Figure 36. A. Tritium HCR and LCR concentrations over time for cell 2 at a theoretical dry bulk density of 1.30 g∙cm‐3
for 25 °C using sampling method one. B. Tritium HCR and LCR concentrations over time for cell 1 at a theoretical dry
bulk density of 1.30 g∙cm‐3 for 25 °C using sampling method two.

Other experimental parameters besides sampling method are important to consider. The
background electrolyte solution used for all experiments was 0.1 M NaCl. During sampling
method two, the experimental time reached up to over 140 days. The extended time frame,
higher ionic strength, and elevated temperature may have attributed to corrosion of the stainless
steel filters, impacting initial and boundary conditions. Distribution coefficients could potentially
be extracted for each individual filter since the corrosion amounts varied for each cell. In order
to account for adsorption at elevated temperatures onto the filters, Joseph et al. 2013 employed
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this method, but the presence of corrosion was not mentioned during that specific
experimentation (Joseph, et al., 2013). Upon further examination of the autoradiography results,
a significant portion of the neptunium was adsorbing onto the filter.

5.4 MASS BALANCES
To verify that all neptunium is accounted for in the system, mass balances for each cell in
each of the three data sets was performed. A high recovery percentage should lend confidence
in some of the calculated constants. In order to calculate the mass balance for neptunium, tritium,
and sodium, the following equation was used:

M TOT  M 0  M High  M Low  M Filter  M Clay  M Bottle   g 
Here,

[23]

Mtot is the total mass recovered or percent recovery
M0 is the mass initially measured
MHigh is the total mass measured in the source reservoir
MLow is the total mass accumulated in the low concentration reservoir
MFilter is the mass desorbed off the filter
MClay is the mass in both the solid and aqueous phases within each thin slice
MBottle is the mass leached off of the walls of the source bottle
A neptunium mass balance for sampling method one requires accounting for the mass in

the high and low concentration reservoirs. Since solutions were switched out every 4‐5 sampling
events using sampling method one for the low concentration reservoir, the leftover mass in those
exchanged reservoirs are also included. Furthermore, mass in the individual samples run for ICP‐
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MS and LSC are included in equation 23 under the MLow and MHigh terms. Since neptunium sorbs
onto the surface of the clay, the mass balance adds the amount of neptunium leached off the thin
slices in the term MClay. Due to the low yields of the mass balance, 1 M HNO3 was used to desorb
any neptunium that may have adsorbed onto the reservoir bottle walls. The high concentration
reservoir bottles for sampling method one were discarded, so only the mass balances for sampling
method two include the MBottle term. Unlike neptunium, tritium is a conservative tracer, allowing
for the elimination of MFilter, MClay, and MBottle to be removed from equation 23. Sodium mass
balances are calculated in the same manner as tritium. Even though sodium was determined to
be a weakly sorbing tracer, sodium sorption onto the clay was not measured and assumed to be
low. The percent recoveries do not account for any sorption onto the clay surfaces for sodium.
Table 12. Neptunium percent recoveries from mass balance calculations.

Sampling Method Temperature (°C) Dry Bulk Density
1.15
1.30
25
1.45
1.60
1
1.15
1.30
50
1.45
1.60
1.30
25
1.30
2
1.30
50
1.30

Recovery (%)
74.17
68.66
82.32
20.08
51.23
58.81
54.06
29.75
55.05
63.07
34.28
2.81

Percent recoveries were calculated by taking the ratio of the mass measured to the ratio
of the initial mass. From the percent recoveries for each cell shown in Table 12, there are some
obvious deficiencies. Neptunium recoveries are especially low for cells at 1.60 g∙cm‐3 with
recoveries of 20.08% and 29.75% and the last cell at 1.30 g∙cm‐3 with a recovery of 2.81%. Because
the neptunium will strongly sorb to the clay surface, majority of the mass was found on the clay
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from the leaching studies which equilibrated for 2‐3 weeks. However, the neptunium was leached
off the clay using 8 M HNO3 which may not have been an aggressive enough technique to have
complete desorption. If hydrofluoric acid were to be used to completely dissolve the clay, then it
could be expected to find the missing neptunium trapped within the interlayers of the
montmorillonite structure. Besides having a majority of the neptunium on the clay surface,
another significant portion was unexpectedly found to be on the filters as seen in the data
presented in Table 11. These concentrations were measured via ICP‐MS after sampling the
supernatant of the filter leaching samples which ran for approximately 1.5 days. It is possible that
these samples were not at equilibrium when sampled, especially when considering the poor
recovery from the last cell at 2.81%. The sheer size of physical blockage of the inlet seen in Figure
30 could have a high concentration of neptunium within the iron oxide layers. With regards to
adsorption onto common iron oxide products, the distribution coefficients for hematite
previously mentioned are large enough that a longer equilibration time would be required to
completely desorb the neptunium off the corrosion products if complete desorption were even
possible.

Furthermore, desorption studies performed for 24 hours on amorphous iron

oxyhydroxides showed that at a final pH of 7, approximately 25% of neptunium was leached off
the surface resulting around 75% uptake on the iron surface (Girvin, Ames, Schwab, & McGarrah,
1991). Another study found that an increase in temperature resulted in an increase in the
hydraulic conductivity, enhancing the diffusion of isotopes into the pores (Borrelli, Thivent, & Ahn,
2013). While this explains why non‐sorbing tracers such as tritium would diffuse faster at elevated
temperatures, it also confirms that enhanced diffusion into pores results in increased rates of
sorption of neptunium onto the surfaces. Because Borelli’s modeling study resulted in an
increased diffusion rate and increased flow of neptunium within the pores of the clay, desorption
of the neptunium would require a longer period of time since it is not simply sorbed onto the
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surface but within the interlayers of the montmorillonite. The deep intrusion within these
interlayers could also explain why the mass balances, especially at elevated temperatures, are so
low. Majority of the neptunium could still be trapped within the clay. The low recoveries in all
the cells run at 50 °C could also have resulted from corrosion products within the actual cells
themselves.

Figure 37. Cell 4 T‐shaped high concentration inlet at 50 °C using sampling method II.

The inlet of the high concentration reservoir side of the diffusion cell can be seen in Figure
37. There is obvious corrosion on the track as well as the holes leading into the sample chamber
that could have a significant amount of neptunium adsorbed onto the iron oxides. It is obvious
from the concentration profile seen in Figure 22D as well as the percent recovery that the high
temperature and high ionic strength corroded the stainless steel diffusion cell enough to prevent
neptunium from entering the system.
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A

B

Figure 38. A. Filter prior to extraction from 50 °C sample using sampling method one with corrosion product
formation. B. Filter with corrosion from 25 °C experiment.

Corrosion also occurred for some cells during the first two experiments using sampling
method one. In Figure 38A, the corroded filter still within the sample chamber is shown. This
filter is from a 50 °C experiment. Likewise, the T‐shaped high concentration inlet of the diffusion
cell in B shows signs of corrosion at 50 °C. In Figure 38B, a filter at 25 °C shows signs of corrosion,
although the amount may not be as much as seen in A. While these images show there are some
signs of corrosion visible, it could also elude to potential corrosion within the paths in the cell.
Formation of these iron oxide products within the inlet and outlet pathways can be seen from red
rust‐like particulates appearing in several of the source reservoirs; this could decrease the
concentration of neptunium available for flow into the cell. Furthermore, the experiments carried
out during sampling method one had sample chambers also made of stainless steel. If any
corrosion occurred, neptunium could be adsorbed onto the walls of the sample chamber.
Sampling method two used sample chambers made of carbon fiber, so corrosion formation should
not be an issue. Other potential sinks for neptunium could be adsorption onto the peristaltic
tubing and PEEK tubing that leads the isotopes into the sample chamber, although this should be
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minimal. The peristaltic tubing connected to the ISMATEC fittings also had problems during the
diffusion process. Even though the fittings had a slight barb used to prevent tubing from popping
off, the connection between the tubing and fitting would occasionally leak or completely
disconnect if not constantly monitored.

This problem occurred for the first two sets of

experiments which could potentially account for some more missing neptunium in the mass
balances. Especially during the time gap for the set of data carried out at 50 °C using sampling
method one, the diffusion process went unmonitored for longer periods of time. Zip ties were
used to secure these fittings, and this problem did not occur during the last experimental data set
using sampling method two. While a previous study used a flow rate of 50 µL per minute for the
solution to enter the diffusion cell, this could have been too high for this experimental design
causing the pressure to push the tubing off of the fittings. Instrumental error also can affect
concentrations; it is possible that the initial concentrations measured via ICP‐MS were skewed
due to a drift in the detector or the Np(V) NIST standard being compromised. Finally, adsorption
onto the walls of the high concentration reservoir could cause a sink in the mass balances.
Although neptunium was not expected to sorb, leaching experiments revealed some amounts of
sorption as seen in Table 13.
Table 13. Np(V) masses leached off high concentration reservoir bottle for data run under sampling method two.
Mass also listed as a percent of the total Np(V) mass in each system.

Cell Number Mass Np (μg) % of Total Np
1
1.69
1.65
2
0.94
0.98
3
0.95
0.52
4
0.43
0.32
This was done using 1M nitric acid with an equilibrium time of 2 days. Since sorption onto
the bottle walls was not expected, the bottles were not kept for the first two data sets and thus
could not be analyzed. There is an obvious need for further optimization of the experimental
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design in order to minimize complications such as corrosion which greatly affects neptunium
concentrations.
Sodium and tritium mass balances were also quantified to confirm whether the diffusion
cells were working properly. The sodium and tritium mass balances are found in Table 14 and
Table 15 below.
Table 14. Sodium mass balance percent recoveries for each cell.

Cell Number Recovery (%)
1
109.25
2
80.08
3
78.52
4
108.16
Here, the sodium mass balances have overall greater recoveries than the neptunium mass
balances. While the sodium weakly adsorbs onto the montmorillonite, it still diffuses at rates
similar to conservative tracers. Thus, little sodium would be adsorbed to the surface. The lower
percent recoveries in cells 1 and 2 could be attributed to this sorption that was not measured
during the leaching process of the thin slices.
Table 15. Tritium mass balance percent recoveries for all cells.

Sampling Method Temperature (°C) Cell Number Recovery (%)
1
75.38
2
63.37
25
3
45.33
4
47.04
1
1
82.14
2
105.63
50
3
103.82
4
116.61
1
110.22
25
2
86.67
2
3
100.79
50
4
112.22
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Tritium percent recoveries were quantified in Table 15. Here, the overall recovery is
greater than that of neptunium. This agrees with the sodium recoveries. The only exceptions
would be the cells from the first data set at 25 °C using sampling method one. These recoveries
were only about 50% of the initial tritium mass. This could be attributed to the experimental
setup. During this first experimental period, the junction between the peristaltic tubing and PEEK
tubing had difficulties staying connected. Even though a barb is built into the connector to
strengthen the connection, the peristaltic tubing occasionally loosened. This causes some leaks
and ultimately some loss in the isotopes. This error could also attribute to lower recoveries for
neptunium also. In order to solve this problem, zip ties were used to tighten the junction and
prevent leakage.

6. CONCLUSION
Diffusion of

237

Np(V) was studied under different dry bulk densities and elevated

temperatures. In order to optimize the sampling technique and enhance the quality of data, two
sampling methods were employed. It was determined that the second sampling method (no
replacement of low concentration reservoir) eliminates the potential for a change in the
concentration gradient for shorter timeframes. However, if the low concentration reservoirs are
replaced daily, then the first sampling method should be sufficient for long term experiments.
Effective diffusion coefficients were extrapolated for tritium using sampling method one which
resulted in a decrease in diffusion rates with an increase in dry bulk density. With respect to
temperature, the diffusion rates for tritium increased with an increase in temperature due to an
excess of energy imparted in the system. Neptunium effluent analysis confirmed that an increase
in temperature causes an increase in adsorption. With regards to sampling method two, it was
determined that this method eliminated potential errors in the concentration gradient. Sodium‐
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22 was determined to be a weakly adsorbing isotope that had slightly larger diffusion rates than
tritium most likely due to surface diffusion and repulsion from the sodium rich montmorillonite.
Both tritium and sodium diffusion increased with increasing temperature. No fitting of the
concentration profiles was discussed due to limitations in the analytical solutions to the
differential diffusion equation. The Van Loon model discussed does not account for adsorption
of neptunium onto the filter or resistivity of the filter. Trends in the concentration profiles from
the second sampling method revealed a larger distribution of total activity with respect to variable
dry bulk densities at elevated temperatures, potentially inferring that temperature has a large
effect on the amount of neptunium adsorption. Ultimately, effluent data confirmed an increased
amount of neptunium sorption, but concentration profile data still needs further analysis and
determination of better modeling parameters.
Completion of this work will enhance the understanding of the diffusion of radionuclides
through the secondary containment of a deep geological repository. Because the stability of
geological repositories is still under examination, it is imperative to demonstrate through these
studies the diffusion rates of radionuclides of concern such as 237Np(V). If the nuclear waste were
to leach out of the canisters, the major exposure pathway to the environment would be this
diffusion process. Thus, this research will allow for a more detailed understanding of what
parameters affect these diffusion rates and how.

6.1 FUTURE WORK
A more detailed understanding of neptunium sorption is necessary. In order to do this,
the corrosion products on the filters should be collected and analyzed using X‐Ray Diffraction
(XRD). Characterizing the different phases that form on the stainless steel filters will provide
insight into what materials the neptunium would be adsorbing onto as well as aid in identifying a
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potential reduction of neptunium on the iron oxide surfaces, i.e. if pyrite were present as seen in
Fröhlich et al. 2012b. Furthermore, future experiments should include analysis of thin slices via
XRD and XANES to identify different phases. XRD data on the thin slices can reveal temperature
and aging induced changes in the montmorillonite while XANES will provide oxidation state
analysis of the adsorbed and aqueous neptunium as it diffuses with distance. When using clays
such as Opalinus clay which have different mineral contents than montmorillonite, previous
studies have shown a reduction of Np(V) to Np(IV) after two months of diffusion with an increasing
Np(IV) concentration with respect to distance in the clay plug (Reich, et al., 2016). Although
montmorillonite does not contain Fe(II) bearing minerals, this oxidation and phase analysis could
confirm no reduction was occurring for the duration of the experiment. Autoradiography and
further leaching experiments should also be performed on the T‐shaped ends of diffusion cells in
order to identify and recover more neptunium that may be adsorbed onto corrosion products
within the cells.
There is also a need for further optimization in order to implement more control over the
diffusion cell setup. The corrosion of the stainless steel filters was unexpected and significantly
affected the modeling parameters of the concentration profiles. Changes in the experimental
design such as using a lower ionic strength around 0.01 M NaCl could retard or even prevent iron
oxide formation which is especially important if these experiments are to eventually be carried
out at 80 °C. From previous batch sorption data, a change in ionic strength did not affect the
amount of neptunium adsorbed nor did it affect the oxidation state of sorbed neptunium. Using
a filter made of ceramic or other material could also alleviate this problem. At a lower ionic
strength, long term diffusion experiments could be performed which could allow for significant
breakthrough of neptunium in the effluent. Having diffusion coefficients from multiple analyses
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such as concentration profiles and effluent would strengthen the confidence in the derived
constants. Regarding concentration profiles, an aggressive leaching method such as the use of HF
should be used to complete mass balances. Also, developing an analytical solution to Fick’s
second law of diffusion that accounts for corrosion product formation, adsorption onto the iron
oxides, filter resistivity, and diffusion and sorption in the clay plug is necessary. Solving such a
solution may not be possible. In order to simplify the mathematics of these diffusion experiments,
the use of commercial software such as COMSOL would be extremely beneficial in fitting
concentration profiles and extracting constants. Even performing diffusion experiments on
common corrosion products may be useful to derive diffusion coefficients for use in COMSOL.
While a long term experiment was running, other cells could be used for performing
shorter experiments. As seen with modeling effluent data, the accumulated activity is most
reliable within the first 20‐30 days before the concentration gradient begins to shift. In running
short term experiments, duplicates of diffusion coefficients and Kd values with each type of set up
could be obtained from concentration profiles. Short term experiments would also minimize
corrosion. As seen in the wellness of fit for the effluent of sodium and tritium breakthrough using
sampling method two versus sampling method one, it would benefit the study to continue using
an optimized version of sampling method two, at least during short term experiments. For long
term experiments, sampling method two could be modified by constantly monitoring the high
concentration reservoir and spiking in an appropriate amount of neptunium into the source
reservoir when the concentration begins to drift too much. If a complete redesign of the
experimental setup were necessary, inserting a neptunium tagged clay plug in between two
saturated clay plugs without any tracer could be an alternative method that also eliminates the
use of filters as discussed by JW Yu (Yu & Neretnieks, 1997). It would also be useful to monitor
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the pH of all reservoirs in order to adjust them in case the pH begins to drift. A drift in pH can
potentially affect the amount of adsorption of neptunium onto the clay; it is necessary to keeps
all these parameters consistent throughout the experiment. Oxidation analysis could also be
performed in order to confirm that the neptunium is not being reduced during the diffusion
process since oxidation state greatly affects the amount of neptunium that adsorbs onto
montmorillonite. Furthermore, batch sorption experiments for 22Na at elevated temperatures
would be useful since Kd values have only been determined at room temperature. Sodium
distribution coefficients would also provide a good comparison for constants derived from sodium
concentration profiles. Prior to leaching neptunium off of each clay surface, a nondestructive
analysis using a High Purity Germanium detector could be used to quantify sodium activity.
Overall, optimization of sampling techniques should be continued in order to increase the amount
of replicates and reliability of data while also carrying out diffusion experiments at 80 °C.
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7. APPENDICES
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APPENDIX I: ADDITIONAL MASS BALANCES
Table 16. Neptunium mass balance for Cell 1 of Data set 1.

Source
Mass (μg)
Initial Mass
83.20
LCR
0.91
HCR
0.49
Pore Water
0.43
Clay slices‐first
18.82
Clay slices‐second
28.82
Filter adsorbed mass
12.24
total mass accounted
61.71
Recovery (%)
74.17
Table 17. Neptunium mass balance for Cell 2 of Data Set 1.

Source
Mass (μg)
Initial Mass
83.20
LCR
0.76
HCR
0.04
Clay slices‐first
14.0
Adsorbed on filter
6.48
Clay slices‐second
28.82
Max Lost Mass
7.03
Total mass accounted
57.12
Recovery (%)
68.66
Table 18. Neptunium mass balance for Cell 3 of Data Set 1.

Source
Mass (μg)
Initial Mass
82.94
LCR
1.98
HCR
0.00
Filter
39.96
Clay slices
19.30
Max Lost Mass
7.03
Total Mass Accounted
68.28
Recovery (%)
82.32
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Table 19. Neptunium mass balance for Cell 4 of Data Set 1.

Source
Mass Np (μg)
Initial Mass
83.20
LCR
0.00
HCR
0.09
High res
16.59
Clay Slices
0.03
Total Mass Accounted
16.71
Recovery (%)
20.08
Table 20. Neptunium mass balance for Cell 1 of Data Set 2.

Source
Mass Np (μg)
Initial Mass
204.92
LCR
2.68
HCR
58.54
filters
28.63
Clay Slices
15.13
Total Mass sampled
104.99
Recovery (%)
51.23
Table 21. Neptunium mass balance for Cell 2 of Data Set 2.

Source
Mass Np (μg)
Initial Mass
132.13
LCR
0.54
HCR
75.31
Clay Slices
1.62
filters
0.23
Total Mass sampled
77.71
Recovery (%)
58.81
Table 22. Neptunium mass balance for Cell 3 of Data Set 2.

Source
Mass Np (μg)
Initial Mass
109.34
LCR
0.40
HCR
15.96
filters
13.95
Clay Slices
28.80
Total Mass sampled
59.11
Recovery (%)
54.06
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Table 23. Neptunium mass balance for Cell 4 of Data Set 2.

Source
Mass Np (μg)
Initial Mass
241.26
LCR
0.84
HCR
70.83
filters
0.04
Clay Slices
0.05
Total Mass sampled
71.77
Recovery (%)
29.75
Table 24. Neptunium mass balance for Cell 1 of Data Set 3.

Source
Mass Np (μg)
Initial Mass
102.32
LCR
0.03
HCR
1.76
Clay Slices
36.23
Adsorbed onto walls
1.69
filters
16.61
Total Mass sampled
56.32
Recovery (%)
55.05
Table 25. Neptunium mass balance for Cell 2 of Data Set 3.

Source
Mass Np (μg)
Initial Mass
96.24
LCR
0.01
HCR
2.59
filters
19.34
High res adsorption
0.94
Clay Slices
37.82
Total Mass sampled
60.70
Recovery (%)
63.07
Table 26. Neptunium mass balance for Cell 3 of Data Set 3.

Source
Mass Np (μg)
Initial Mass
181.53
LCR
0.08
HCR
1.73
Clay Slices
27.18
High res adsorption
0.95
filters
32.31
Total Mass sampled
62.24
Recovery (%)
34.28
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Table 27. Neptunium mass balance for Cell 4 of Data Set 3.

Source
Mass Np (μg)
Initial Mass
135.64
LCR
0.00
HCR
2.80
Clay Slices
0.31
High res adsorption
0.43
filters
0.27
Total Mass sampled
3.82
Recovery (%)
2.81
Table 28. Tritium activity balance for Cell 1 of Data Set 1.

Source
Activity (Bq)
Initial Mass
18642.98
LCR
7428.82
HCR
6624.46
Sum of transported Bq
14053.27
Recovery (%)
75.38
Table 29. Tritium activity balance for Cell 2 of Data Set 1.

Source
Activity (Bq)
Initial Mass
18632.59
LCR
6428.02
HCR
5379.22
Sum of transported Bq
11807.24
Recovery (%)
63.37
Table 30. Tritium activity balance for Cell 3 of Data Set 1.

Source
Activity (Bq)
Initial Mass
18642.98
LCR
820.74
HCR
7630.92
Sum of transported Bq
8451.66
Recovery (%)
45.33
Table 31. Tritium activity balance for Cell 4 of Data Set 1.

Source
Activity (Bq)
Initial Mass
18632.59
LCR
186.52
HCR
8578.97
Sum of transported Bq
8765.49
Recovery (%)
47.04
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Table 32. Tritium activity balance for Cell 1 of Data Set 2.

Source
Activity (Bq)
Initial Mass
23340.89
LCR
3087.84
HCR
16083.96
Sum of transported Bq
19171.79
Recovery (%)
82.14
Table 33. Tritium activity balance for Cell 2 of Data Set 2.

Source
Activity (Bq)
Initial Mass
22903.47
LCR
572.73
HCR
23621.12
Sum of transported Bq
24193.85
Recovery (%)
105.63
Table 34. Tritium activity balance for Cell 3 of Data Set 2.

Source
Activity (Bq)
Initial Mass
22912.21
LCR
475.91
HCR
23311.38
Sum of transported Bq
23787.29
Recovery (%)
103.82
Table 35. Tritium activity balance for Cell 4 of Data Set 2.

Source
Activity (Bq)
Initial Mass
25356.05
LCR
297.10
HCR
29269.54
Sum of transported Bq
29566.64
Recovery (%)
116.61
Table 36. Tritium activity balance for Cell 1 of Data Set 3.

Source

Activity (Bq)

Initial Mass
LCR
HCR

15902.81
3656.52
13871.92
17528.44
110.22

Sum of transported Bq
Recovery (%)
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Table 37. Tritium activity balance for Cell 2 of Data Set 3.

Source
Activity (Bq)
Initial Mass
17096.58
LCR
30.99
HCR
14787.28
Sum of transported Bq
14818.27
Recovery (%)
86.67
Table 38. Tritium activity balance for Cell 3 of Data Set 3.

Source
Activity (Bq)
Initial Mass
17513.45
LCR
5496.83
HCR
12155.28
Sum of transported Bq
17652.11
Recovery (%)
100.79
Table 39. Tritium activity balance for Cell 4 of Data Set 3.

Source
Activity (Bq)
Initial Mass
16702.67
LCR
2.08
HCR
18741.06
Sum of transported Bq
18743.14
Recovery (%)
112.21
Table 40. Sodium activity balance for Cell 1 of Data Set 3.

Source
Activity (Bq)
Initial Mass
17154.38
LCR
4767.60
HCR
13974.15
Sum of transported Bq
18741.76
Recovery (%)
109.25
Table 41. Sodium activity balance for Cell 2 of Data Set 3.

Source
Activity (Bq)
Initial Mass
17548.22
LCR
4266.28
HCR
9786.75
Sum of transported Bq
14053.04
Recovery (%)
80.08
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Table 42. Sodium activity balance for Cell 3 of Data Set 3.

Source
Activity (Bq)
Initial Mass
18169.90
LCR
5282.41
HCR
8984.80
Sum of transported Bq
14267.21
Recovery (%)
78.52
Table 43. Sodium activity balance for Cell 4 of Data Set 3.

Solution
Activity (Bq)
Initial Mass
16946.73
LCR
0.11
HCR
18330.22
Sum of transported Bq
18330.33
Recovery (%)
108.16
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APPENDIX II: ADDITIONAL IMAGES
AII.1. HIGH CONCENTRATION RESERVOIRS
The high concentration reservoirs were sampled occasionally in order to monitor the source
concentration evolution over time. Each isotope concentration in the source reservoir can be
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seen in Figure 39 for the first sampling method at 25°C.
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Figure 39. Tritium (A) and neptunium(V) (B) concentrations in source reservoir over time at 25°C using sampling
method one.
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Figure 40. Tritium (A) and Neptunium (B) concentrations of source reservoir over time for 50°C for
sampling method one.

Through periodic sampling of the high concentration reservoirs, the change of
concentrations over the duration of the second experiment run with variable dry bulk density at
50°C can be found in Figure 40. The change in the high concentration reservoir over time was
monitored for the final experiment also in order to compare the rates of diffusion into the clay
plug using the first versus the second sampling method. The second sampling method source
reservoir concentrations can be found in Figure 41.
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Figure 41. Sodium (A), Tritium (B), and Neptunium(C) high concentration reservoir over time at 25 and 50 °C for
sampling method two.
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AII.2. HIGH AND LOW CONCENTRATION RESERVOIRS COMPARED
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Figure 42. Neptunium High Concentration Reservoir (HCR) and Low Concentration Reservoir (LCR) measurements via
ICP‐MS plotted over the duration of the experiment. Data is for cell 1 with a theoretical dry bulk density of 1.15 g∙cm‐3
at 25 °C using sampling method one.
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Figure 43. Neptunium High Concentration Reservoir (HCR) and Low Concentration Reservoir (LCR) measurements via
ICP‐MS plotted over the duration of the experiment. Data is for cell 2 with a theoretical dry bulk density of 1.30 g∙cm‐3
at 25 °C using sampling method 1.
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The high and low concentration reservoirs were monitored over the entire duration of
the experiment. In order to show the change in the concentration gradient, these two data sets
were plotted together in the figures above. In order to assume that the concentration is ‘quasi‐
zero’ in the low concentration reservoir, it must be approximately <1% of the activity in the high
concentration reservoir. After a certain period of time, the buildup of neptunium in the LCR in
both figures above becomes higher than the HCR, potentially resulting in some back diffusion.
These figures can only be made if neptunium breakthrough is seen in the effluent. For the higher
dry bulk densities, no breakthrough occurred. The ‘zig‐zagged’ lines for the LCR in both figures is
caused by the exchange to fresh LCR solution after every ~5 sampling events. These two plots are
for the first data set at 25 °C using sampling method one.
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Figure 44. Neptunium HCR and LCR concentrations over the duration of the experiment. Data is for cell 1 with a
theoretical dry bulk density of 1.15 g∙cm‐3 at 50 °C using sampling method one.
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Figure 45. Neptunium HCR and LCR concentrations over the duration of the experiment. Data is for cell 2 with a
theoretical dry bulk density of 1.3 g∙cm‐3 at 50 °C using sampling method one.
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Figure 46. Neptunium HCR and LCR concentrations over the duration of the experiment. Data is for cell 3 with a
theoretical dry bulk density of 1.45 g∙cm‐3 at 50 °C using sampling method one.
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Figure 47. Neptunium HCR and LCR concentrations over the duration of the experiment. Data is for cell 4 with a
theoretical dry bulk density of 1.60 g∙cm‐3 at 50 °C using sampling method one.
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Figure 48. Neptunium HCR and LCR concentrations over the duration of the experiment. Data is for cell 1 with a
theoretical dry bulk density of 1.30 g∙cm‐3 at 25 °C using sampling method two.
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Figure 49. Neptunium HCR and LCR concentrations over the duration of the experiment. Data is for cell 2 with a
theoretical dry bulk density of 1.30 g∙cm‐3 at 25 °C using sampling method two.
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Figure 50. Neptunium HCR and LCR concentrations over the duration of the experiment. Data is for cell 3 with a
theoretical dry bulk density of 1.30 g∙cm‐3 at 50 °C using sampling method two.
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The data in Figure 48, Figure 49, and Figure 50 are using sampling method two. Because
this sampling method held the LCR volume constant, no ‘zig‐zag’ pattern should be present as
seen in the previous figures using sampling method one. Here, you can see that after a certain
period of time, the LCR concentrations begin to approach the HCR concentrations, specifically the
data for cell 3 in Figure 50. These types of graphs can also be done for tritium and sodium as
shown below.
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Figure 51. Tritium HCR and LCR concentrations over time for cell 1 at a theoretical dry bulk density of 1.15 g∙cm‐3 for
25 °C using sampling method one.
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Figure 52. Tritium HCR and LCR concentrations over time for cell 3 at a theoretical dry bulk density of 1.45 g∙cm‐3 for
25 °C using sampling method one.
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Figure 53. Tritium HCR and LCR concentrations over time for cell 1 at a theoretical dry bulk density of 1.15 g∙cm‐3 for
50 °C using sampling method one.
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Figure 54. Tritium HCR and LCR concentrations over time for cell 2 at a theoretical dry bulk density of 1.30 g∙cm‐3 for
50 °C using sampling method one.
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Figure 55. Tritium HCR and LCR concentrations over time for cell 3 at a theoretical dry bulk density of 1.45 g∙cm‐3 for
50 °C using sampling method one.
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Figure 56. Tritium HCR and LCR concentrations over time for cell 4 at a theoretical dry bulk density of 1.60 g∙cm‐3 for
50 °C using sampling method one.
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Figure 57. Tritium HCR and LCR concentrations over time for cell 2 at a theoretical dry bulk density of 1.30 g∙cm‐3 for
25 °C using sampling method two.
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Figure 58. Tritium HCR and LCR concentrations over time for cell 3 at a theoretical dry bulk density of 1.30 g∙cm‐3 for
50 °C using sampling method two.
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Figure 59. Sodium HCR and LCR concentrations over time for cell 1 at a theoretical dry bulk density of 1.30 g∙cm‐3 for
25 °C using sampling method two.
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Figure 60. Sodium HCR and LCR concentrations over time for cell 2 at a theoretical dry bulk density of 1.30 g∙cm‐3 for
25 °C using sampling method two.
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Figure 61. Sodium HCR and LCR concentrations over time for cell 3 at a theoretical dry bulk density of 1.30 g∙cm‐3 for
50 °C using sampling method two.
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